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S U M M A R Y
This thesis is concerned with the design and ultimately, the fabrication 
of a ring-resonator filter for integrated optics. The resonant structure 
of such a filter consists of a closed , circular loop of stripe (2-D) opti­
cal waveguide which resonates whenever the circumference is an integer 
number of guide-wavelengths. It thus possesses a "comb" frequency 
response.
In order to construct the required conceptual framework, a fairly 
brief treatment of dielectric waveguide theory is included. This is 
followed by a more detailed consideration of the elements which constitute 
a ring-resonator: the directional coupler (used for coupling light into
the ring), the curved dielectric waveguide and the resonator itself.
The optimum; input coupling is derived in terms of the ring losses and 
various theoretical frequency-response curves are given.
A major part of the thesis, and almost all of the experimental work, 
is devoted to the study of stripe-waveguides made by silver/sodium ion- 
exchange in soda-lime glass, made by immersing the glass in a bath of 
molten silver nitrate for a period of time. This is the type of guide 
which was chosen as a basis for the ring-resonator design work; its 
lateral refractive index difference is such as to offer a suitable com­
promise to the conflicting requirements of (i) low bending loss and 
(ii) strong directional coupling.
In order that some non-empirical design work might be possible (of 
the directional coupler in particular) an accurate mathematical model 
of the ion-exchanged waveguide is required. Accordingly, some space is 
given to the theory of ion-exchange and the resulting model. This takes 
the form of two computer programs: one to solve the non-linear partial
differential equation which describes the ion-exchange process, in two 
dimensions, using a finite difference technique; the other to solve the 
wave equation in a two-dimensional region of arbitrary, varying refractive 
index, using a variational technique. The substantial accuracy of these 
numerical solutions is demonstrated.
As essential background, and also to determine the physical para­
meters of the ion-exchange system, a study of slab (1-D) ion-exchanged 
waveguides was undertaken, comparing computed and measured guided modes.
It is concluded that the computed diffusion profile differs from the real 
profile in certain respects; this is caused by factors for which the ion- 
exchange theory does not account.
Stripe waveguides are defined by coating the glass with a diffusion 
mask in which slit-like apertures are opened prior to diffusion. The 
aperture width is accurately measured by utilising\ Fraunhofer diffraction, 
and the waveguide effective refractive indices by prism-to-guide coupling.
When the diffusion mask is of aluminium, metallic silver is reduced 
along each edge, causing high attenuation of the guided power and other 
strong deviations from the computed theory. When the aluminium diffusion 
mask is converted to aluminium oxide, by anodisation, these effects do 
not occur ; the anodised mask is capable of producing waveguides which 
behave as predicted by the mathematical model, and have low loss.
Experimental directional couplers have been made, with transfer 
lengths which are generally in good agreement with the computed values.
Low-loss waveguide bends with radii less than 300 microns are reported, 
and 2 micron wide stripe waveguides with a linear attenuation of less 
than 3 dB/cm have been made.
Finally, design parameters for a ring-resonator are suggested, but 
none has yet been made.
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C H A P T E R  1
INTRODUCTION
Much research effort is currently engaged in the field of optical 
communications. The aim of this enterprise is to transmit data over 
large distances by means of modulated light waves carried by optical, 
dielectric waveguides. The waveguides, which are glass fibres of 
(usually) circular cross-section, can now be made with very low attenu­
ation factors; figures of less than 2 dB/km are typical and less than
0.2 dB/km is now possible. Among the advantages of optical communications 
systems are immunity from noise due to electromagnetic or inductive 
pick-up, and a very large bandwidth, allowing very high digital data- 
rates.
In a large optical communications system, fairly complex optical 
signal-processing subsystems will be required (e.g. repeater stations).
It is for these that the technology of "Integrated Optics" is being 
developed.
The, integrated optics approach is a natural one because of the . 
extremely small size of many, of the optical components. Mono-mode wave- 
guiding structures cannot be much larger in cross-section than the wave­
length of the light used - i.e. a few microns. Similarly any resonant 
structures used for filtering purposes should be as small as possible; 
otherwise the resonant modes will be so close together as to make their 
use in frequency selection difficult.
Because of these small sizes and the consequent difficulty of 
externally linking the devices together, as much as possible of the 
complete subsystem must be fabricated simultaneously on a single substrate,
2.
The components are semi-conductor lasers, modulators, filters, couplers, 
detectors etc. and the inter-connections are lengths of mono-mode 
dielectric waveguide. The fabrication techniques are photo-lithographic, 
like those of integrated electronic circuits.
In this thesis, the device under consideration is an optical filter 
of the cavity-resonator type. The cavity is a closed, circular loop of ■ 
optical waveguide and hence is called a Ring-Resonator. A resonant 
mode occurs whenever the circumference is an integer number of guide 
wavelengths; thus the resonator has a "comb" frequency response (see 
Chapter 3).
Apart from the pill-box resonator (an open, circular, dielectric 
cavity which behaves similarly to the ring resonator, possessing only 
circumferential resonant modes) the ring-resonator is perhaps the only 
possible planar, resonant structure which may be seriously considered 
as an integrated optics filter. A different, alternative approach 
makes use of Bragg reflection from a corrugated region of planar wave­
guide. The reflectivity peak of such a "grating" is reported to have a 
bandwidth of from 0.1 to 10 nm^^^^ (0.2 nm corresponds to 150 GHz at the
He-Ne laser wavelength of 0.6328 ym) but there is only ,one main peak. A 
feasible ring-resonator (see Chapters 3 and 9) may have a bandwidth of 
only 4.5 GHz, but the comb frequency response (the peaks are 63 GHz 
apart for a ring of radius 0.5 mm) may prove troublesome in certain 
situations. Thus both approaches will probably have their particular 
spheres of usefulness, e.g. frequency division de-multiplexing or the 
resonator for an integrated laser.
This thesis, which is concerned with work leading to the design of 
a ring-resonator is divided into three unequal parts.
3.
Part I, comprising Chapters 2 and 3, considers the basic theory 
of dielectric waveguides in general, and of the elements which constitute 
a ring-resonator filter in particular. These are the directional 
coupler, which is used to couple light to and from the ring itself, and 
the stripe-waveguide bend which is essentially lossy. Also the optimum 
input coupling is derived in terms of the ring loss - an. important 
result.
Part II, comprising Chapters 4 and 5, is concerned with deriving 
a computer-based mathematical model for waveguides made by silver/sodium 
ion-exchange in glass. These guides, which were chosen to be the basis 
of the ring-resonator, are worthy of study in their own right but are 
not susceptible to simple, approximate analyses.
Part III, comprising Chapters 6 to 9, covers the experimental work: 
fabrication and measurement techniques (Chapter 6), slab and stripe 
waveguides (Chapters 7 and 8) and finally results for curved and straight 
guide attenuation and for directional couplers, culminating in a suggested 
ring-resonator design (Chapter 9).
. A working ring-resonator has not yet been made as part of this 
work; however during the preparation of this thesis one was made by 
Haavisto and Pajer of the Northrop Corporation U.S.A.(unpublished). 
This resonator is very different from that envisaged here, being 9 cm 
in diameter (too large for integrated optics), but it shows the comb- 
response quite clearly.
P A R T
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C H A P T E R  2
INTRODUCTION TO DIELECTRIC WAVEGUIDES
The purpose of this chapter is to discuss the principles and 
general features of dielectric waveguides, with a view to introducing 
concepts and defining terminology. In constructing the necessary 
conceptual framework, some re-exploration of well established 
theory is inevitable.
A full treatment of the material of this chapter can be found 
in references (1) - (4).
2.1 1-Dimensional Guidance - the Slab Waveguide
The slab waveguide is the simplest form of dielectric waveguide. 
It consists of a- layer of homogeneous dielectric material, of 
refractive index n,^ , sandwiched between a superstrate and a substrate 
whose refractive indices, n^ and n^, are both less than n,j.
i.e. n,j > n^ or n^ (written hereinafter n^
The slab lies in the x-z plane and supports a guided wave 
propagating in the z-direction.
This propagation is described by the wave equation derived in 
Appendix 1, If the guided wave solutions are taken to be in the form!
\|j(y, z, t) = ^(y)ei(^^
the wave equation reduces to the Helmholtz form:
2
^  + (k? -  = 0 ( 2 . 1 . 1 )
3y
where ij represents any of the' E or H field components 
Ü) is the angular frequency 
3 is the propagation constant
is the wave number of medium i (i = 0, 1 or .2).
Also k^ = n^k^f k^ being the free-space wave number
27T(k = “  where X is the free space wavelength)•
Ü Xq u
3 can be normalised with respect to k^, giving the Effective
Refractive Index of the guided mode (n^)•
3
Polarisation
Only two linear polarisations need be considered;
a) T.E. (Transverse Electric) ^  = E^ ; E^ - E^ = 0
H and H are non-zero, y z
b) T.M. (Transverse Magnetic) H = = 0
E and E are non-zero, 
y z
T.E. modes are of greatest interest in this work.
Solution of the Wave Equation
If  ^= E^ (T.E. modes) the general solution to 2,1.1 is:
j(S y -ja.y
E^(y) = Eg[Ae  ^ + e ] (2.1.2)
where E^ gives the field amplitude and phase reference 
A is a complex constant
* [ 2 2* F2 T*
- G = - %  (2.1.3)
7.
2.1.2 may be interpreted as a superposition of two y-directed plane 
waves whose wave number,5^,is the transverse component of vector
k. = (1 6,, 3) where Ik.I = k.
— 1 1 I — 1 ' 1
If the solution is completed by including the factor e ,
each plane wave is of form;
-jk...r_ jo)t
E(y, z, t) « e .e (2.1.4)
where r_ is the vector (y, z).
These plane waves, represented by rays in Fig. 2.1, are confined 
within the slab by successive total-internal-reflections from the 
two dielectric interfaces. The ray direction is given by vector 
so the incident angle, 0, is such that:
= k,^ sin 0 and 5,^ “ ® (2.1.5)
If a guided wave exists within the slab region, 6.^ must be real. 
Hence, from 2^1.3:
Similarly, if the energy is confined to the slab region, radiation 
fields may not exist in the substrate and superstrate. Therefore 
2 ^^st be purely imaginary implying:
'^ e ^ *^ 0,2
Thus, in the substrate and superstrate the guided fields are 
described by real exponentials, decaying away from the boundaries. 
These are called "evanescent fields".
Fig. 21
superstrate n,
z
substrate n
The step-îndex,slab waveguide. The rays represent plane waves.
F i g ^
A
The phase fronts of one plane wave.
8.
in. 2^
i.e. E (y) “ e '
0,2
where we define = i«Q^2 = kjn^ - "o,
and k = «1 = k Jn^ - n
2^
e (2.1,6)
tIq 2 may be called the "evanescent decay constant".
These evanescent fields are characteristic of total internal 
reflection, are bound to the dielectric interface and carry 
energy down the guide only. The evanescent field components E
^0,2
and H are in time phase quadrature, 
2=0,2
Cut-Off
Cut-off is defined by the condition:
• n ^ S n ^  (2.1.7)
where n is the greater of n_ or n_. s 0 2
If a mode is cut-off, then is imaginary, and the field in
region s is not evanescent but radiates away from the guide. The
cut-off condition corresponds to loss of total-internal-reflection as
0 falls below the critical angle 0^.
This may be re-stated in terms of phase velocities.
The phase velocity of a guided wave, v = —  (where c is the
e n^
velocity of light in free space), is always greater than that of the 
slab material, v = —  . This apparent anomaly may be understoodrii
by considering an effective guide wavelength, which is greater 
than (see Fig. 2.2).
An evanescent field is always "slow" however
c
I.e. V < v^ „ : Ve 0,2 ■ '0,2 no 2
9.
If ever v rises above v the velocity limit -----  is
® ' ^0,2 
exceeded unless the field breaks away from the boundary and radiates
freely.
This gives a completely general definition of cut-off. It is 
independent of the expression for which may differ in different 
waveguiding systems.
The Eigenvalue Equation
Within the slab, constructive interference of the plane waves 
of 2.1.2 is requiredr for a guided wave to exist. The condition for
this is that the total phase-shift per round-trip (two traversals
of the slab plus two reflections) be an integer multiple of 2 tt 
radians. Thus:
2k^d + + *2 = 2miT (2.1.8)
where d is the slab thickness.
m is an integer (0, 1, 2 . . .) giving the number of zeros
in the standing wave pattern E (y). m is the guided mode orderXi
0Q and $2 ^re the phase-shifts due to total internal reflection. 
They are given by Fresnel's equations or by matching tangential 
field components across each boundary to obtain the factor 'A' 
of 2.1.2.
-1 r % 2
a) T.E. modes: 2 ” "  ^ tan ' ]
b) T.M. modes: 0 = - 2 tan  ^[ -~—  ’ ] (2.1.9)
m=0
Hz
10010
(a ) k o d
10010
(b) k o d
Fig. 2-3 Dispersion curves of the step-index, slab waveguide, 
rig =10 ; n2=1-5 : n^=(a) 1-6 : (b) 1-55
T.E. ------------
10.
within the slab region, the fields vary as cos(k^y + P) if 
ra is even (symmetric modes) and as sin(k^y + P) if m is odd (anti­
symmetric modes). See Fig. 2.7.
P is some phase constant which varies with mode order.
Waveguide Properties
The eigenvalue equation 2.1,8 is solved for two practical wave­
guides in Fig. 2.3. These have a glass substrate (n^ = 1.5), glass 
slab (n.j “ 1.5 or 1.55) and air superstrate (n^  - 1).
n^ is plotted against k^d (log. scale) for the first 6 modes.
These graphs reveal how n^, the mode spacings and the number of 
guided modes vary with k^ or d and index-difference (n.^ - n^). Both 
T.E. and T.M. modes are shown.
If (n^ - n^) is small, then the evanescent field will be 
extensive (small n^) leading to weak confinement of the wave. Such 
weakly guided modes lose more power when perturbed than well-guided 
modes.
It is frequently required that a waveguide support only one 
guided mode. Clearly, this will result in weak guidance unless the 
index difference (n.^ - n^) is large. However, a small index differ­
ence allows the single mode guide to be larger, thus relaxing the 
fabrication tolerances somewhat.
2.2 The Graded Index Slab Waveguide
For waveguiding to be possible it is necessary only that a 
sufficiently broad, isolated refractive index maximum exists in the 
transverse direction. In general, the refractive index may be a 
smooth function of the transverse coordinate (y). The step-index 
guide of 2,1 is a special case in which the refractive index profile, 
n(y), is a step function.
(a) (b)
n0
Fig. 2'4 Refractive Index Profiles;
g) Graded 
b) Step
^ 2
%
Fig. 2*5 Rays in the graded-index slab v^aveguide.
(a) The Layer approximation
(b) The Limit as 6y->0
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Where the waveguide fabrication involves material modification 
processes (e.g. diffusion of impurities) a graded refractive index 
profile will result. However, commonly one of the two waveguide 
boundaries is a step between the surface refractive index and that 
of air. (See Pig. 2.4). Since this is true of the ion-exchanged 
guides studied in this work, only this type of profile will be 
considered here.
The W.K.B. Method
An important method of analysis for graded index, slab wave­
guides is based upon the W.K.B. (Wentzel, Kramers, Brillouin)
approximation which was first formulated in the field of quantum
^ . (5), (6)
mechanics.
Though approximate, the W.K.B. method is found to predict the
dispersion characteristics, of graded index slab waveguides with
(7)
considerable accuracy.
The method may be developed, using the concepts of section 2.1. 
n(y) is approximated by a series of index steps of width 6y and 
magnitude 5n(y). The ray, which propagates through the resulting 
layered structure [as in Fig. 2.5 (a)], represents one of the two 
possible plane wave solutions in each of the constant-index layers. 
It is refracted into successively greater angles of incidence until 
eventually, if the initial conditions are favourable, a total reflec­
tion occurs. This is the only reflection considered; partial 
reflection from the other layer-to-layer boundaries is neglected.
In the limit as fin and fiy go to zero the critical angle for 
total reflection is ir/2. Thus, the ray must describe a smooth curve 
at the turning point, y “ Since the ray is parallel to the
1 2 .
2-axis there, Jk = 3 and n(a^) = n^. No other turning point is 
possible since 3 must be a constant.
The Turning-Point Phase Shift
The above-mentioned total-reflection occurs at the boundary
between two layers of index, n. and n. where n. > n and n . < n ,
1 ] 1 e ] e
We define n? = n^ + 6 (n?) ; n^ = n^ - 6 (n^ )
1 e 1 3 e 3
5 (nu) 2 2
where  r—  — >  1 as 6 (n.) and 6 (n.) — >  0.
The phase-shift is: $ = -2 tan Ç
where Ç = 1 for T.E. modes 
and Ç = T—  for T.M. modes
Thus, for both polarisations:
$ = - Z  in the limit as 6 (n?.) — >  0.
2 13
The Eigenvalue Equation
In any planar region of constant refractive index {n > n^), the 
field amplitude, E(y), is given by the superposition of two y-directed 
plane waves (see 2.1.1).
In the layer approximation of the graded index slab, each layer 
has such a solution. Since we assume only a single, total reflection 
at y = Gg, one of each plane-wave pair must originate at the turning- 
point. A standing wave will result from the interference only if the 
total phase shift per round-trip is a multiple of 2 t t.
1 3 .
The phase-shift due to a traversal of one layer is k .6y y
ky-Sy = kjn^y) -
Collapsing the layered structure to the continuous, graded profile 
(i.e. 6^ —^0), the total phase shift between the. surface (y - 0) 
and the turning point (y = a^) is 0^:
 r= k I /n (y) - n dy (2.2.1)
0
Including the turning point and surface reflection phase-shift, we 
obtain the eigenvalue equation.
a,
2kg - n^ dy + 0^ = 2imr + (2.2.2)
m and 0^ are as defined in section 2.1.
This equation can be solved by digital computer, the resulting
dispersion curves being shown in Fig. 2.-6. The refractive index
profile used is that of an ion-exchanged waveguide (Chapters 3 " 5).
The parameter a (see Fig. 5 *2) is O.8.. To facilitate comparison with
the step-index slab waveguide, the same values for n^, n^  and n^
as in Fig. 2.3 have been used. Here n^  is the surface refractive
index and n^ is the limiting substrate value.
The depth d of the waveguide is (arbitrarily) defined as that
for which n(d) = *^1 ^  ^2 .
2
Comparison with Fig. 2.3 shows that graded index slabs have a 
smaller mode-spacing and a smaller difference between T.E. and T.M. 
modes than the nearest equivalent step index guides. Also the
n.
m=0
100
k„d
m=0
F Î Q . 2*6 Dispersion curves of a graded-index, slab waveguide.
H q =1-0 ri2  = 1'5
T.E. ------------ ;
T .M .------------
m=0
m=1
m=2
n =155
F ig . 2 7 Field amplitude distributions of a  step-index
slab waveguide.
1 4 .
dispersion curve is more nearly linear, tending only slowly towards 
the limiting value of n.^ .
W.K.B. Errors
The errors of the W.K.B. approximation arise due to the neglect 
of continuous reflection.^
This reflection is greatest near the turning point (y - 
with the result that constructions of the field amplitude functions 
using the W.K.B. method become infinite at y = However the
contribution to the integral from that region is small and the
r7 )
eigenvalues are accurately predicted. '
Additional error is incurred by T.M. modes because the exact 
wave equation contains the term;
grad(E.grad(In e)) (See Appendix 1) 
:Q'
2
where e =? s.n - the medium permittivity.
This term is usually neglected. It is zero-valued for T.E. modes 
in all slab waveguides, but is non-zero if n(y) has a finite gradient 
in the direction of the electric field vector - as for T.M, modes in 
graded index slabs. However this term is negligible if the refractive 
index varies sufficiently slowly, as is frequently the case - see 
Appendix 1.
2.3 Two-Dimensional Guidance: the Stripe Dielectric Waveguide
The stripe waveguide can be developed from the slab waveguide 
by adding confining boundaries in the x-direction. However, in 
general, the waveguide cross-sectional geometry is arbitrary and need 
be no more than an isolated refractive index maximum in the x-y plane.
ri3
Ho
02
a
t
r\ b
i
(a)
(b)
F i g . 2  8  The Rectangular Stripe Waveguide
{a) Geometry 
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The Rectangular, Step-index Guide
This consists of a rectangular core, with refractive index 
surrounded by media with various, lower refractive indices. All 
the boundaries are parallel to the z-axis.
Assuming guided wave solutions of form;
y, 3, t) = v|)(x, y)e^(^^ (2.3.1)
the wave equation is:
2
^  i|^(x, y) + (k^ - B^) \l;(x, y) = 0 (2.3.2)
where i|; may be any of the field components.
If k^ is a constant, the differential equation is linear and 
may be solved by separation of variables.
Assuming:
y) -  ^ ( x ) . ^i(y)
The general solution is:
iAr •£ -ijir •£ ik •£ -]£ •£
^(x, y) = A^e 1 + B^e ^1 + C^e 2 + D^e ^2
(2.3.3)
k = (k , k )
X y
k (k , — k )
■^2 X y
£  ~ (X, y)
9 9 7 0
and k + k = k - 6^X y 1
Clearly, = (k^, k^, g) may be regarded as a vector giving the 
direction of a ray in medium i. Solution 2.3.3 is the superposition 
of four plane waves propagating in the x-y plane, each represented
1 6 .
by a section of the ray-path shown in Fig, 2.8 (b). All four waves 
interfere with each other at each point in space to form a 2-D 
standing wave.
The solution may be re-written:
jk-x -]k X jk y -jk y
^(x, y) = (A^e + B.^ e ).(C^e ^ + D^e ^ ) (2.3.4)
Each factor of 2.3.4 must be a 1-D standing wave, therefore 
the waveguide may be characterised by a pair of eigenvalue equations:
a) 2k a + $ = 2mr
b) 2k b + $, = 2mTTy b
(2.3.5)
where a and b are the guide width and depth respectively:
n and m are the (integer) mode orders of two mutually
perpendicular, transverse resonances.
0 and are the total phase shifts due to all a o
reflections encountered during two traversals of the 
guide width and depth respectively.
Because the waveguide boundary changes direction at the 
four right-angled corners, these phase-shifts are unlikely to be 
simple expressions and will tend to couple equations 2.3.5.
Polarisation
If the rectangular guide is excited by means of a T.E. plane 
wave with no x-direction propagation component, the resulting guided 
mode will be composed of the four plane waves of 2.3.3. Their 
propagation vectors and their polarisations are, respectively:
k = (± k^, ± k , B) ; E = (E^ , 0, t E^)
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The original T.E. wave is not completely defined by these four plane 
waves and the resultant mode is not T.E. The E-field lines are 
curved [see Goell's computer solutions ] and E^ is non-zero. 
However, E^ is usually much greater than E^, so such hybrid modes 
are referred to as "Quasi-T.E." (or Quasi-T.M, if the input beam is 
T.M.) .
In each of the four component plane-waves JE is parallel to 
the horizontal, and H to the vertical interfaces. Therefore, if we 
assume that the reflection phase shifts given by equations 2.1.9 are 
applicable to the rectangular guide, these phase shifts are:
n.
a) Horizontal Interfaces: 2 ~ tan
' - y
, (2.3.6)
n.
b) Vertical interfaces: 3^ 4 “ "^ tan, ^
3,4
where refractive indices n^ to n^ are as shown in Pig. 2,8 (a)
The evanescent decay constants are;
(2.3,7)
%3,4 = V »  - ^3,4 + •'y
However, these expressions violate the general cut-off condition
2.1.7. At cut-off (n = n ) the evanescent field in medium s shoulde s
spread infinitely - i.e. - 0.
But, from 2.3.7, if n^ = n^ (for example)
^ 0.
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Equations 2.3.6 and 2.3.7 are invalid in this case. They were 
derived for an infinite, plane dielectric interface and cannot apply 
in the vicinity (i.e. within a few effective, transverse wavelengths) 
of the boundary direction change at the corners. To obtain the 
correct expressions, a rigorous matching of the fields in the regions 
•C of Fig. 2,8 (a) would be required, but this is impractical.
Nevertheless, for well guided modes, only a small fraction of 
the guided energy will be present in regions 'C and the error 
incurred by using 2.3.6 and 2.3.7 will be small. Alternatively, 
since the effective, transverse wavelength is small much of the 
guide perimeter may be considered to be sufficiently far from the 
corners for these expressions to apply.
Near cut-off, however, 2.3.6 and 2.3,7 cannot be valid.
This consideration reveals one serious difficulty in accurately 
analysing stripe dielectric waveguides; the reflection phase shifts 
are not given by any simple, analytical formula - even for this simple 
geometry.
However, the cut-off criterion suggests that, near cut-off, 
the evanescent field in medium s (where n^ is the largest surrounding 
index) is described approximately by the constant n^:
■"s = ''o - "s
Two well-known approximate solutions will be considered;
i) The Method of Marcatili
(9)Marcatili's approach is based upon equations 2.3.5 in which 
(from 2.3.6);
19.
(9) gives exact solutions of this formulation as well as approximate 
closed-form solutions and compares these with the more accurate 
computer analysis of Goell/^^^ The comparison - especially of the 
fundamental mode - is rather poor near cut-off but good far from 
cut-off. This is to be expected in view of the above considerations,
ii) The Effective Index Method
(12)This method of analysis [due to Knox and Toulios ] is also 
based upon equations 2.3.5.
When the guide is far from cut-off and is rather wider than it 
is deep, is close to that of the slab, formed by extending the 
long dimension (a) to infinity. Assuming k^ to be independent of 
width, 2.3.5 (b) may be solved to give the slab B (g^):
and Bq is assumed to be independent of k^.
The lateral resonance, 2.3.5 (a) becomes:
__  ^
"o - "e 0 + = 2nr,
«0
where n ~ i—
This resembles the equation of a vertical slab of width 'q ' and 
refractive index n . @ is chosen accordingly; appropriately, with
T.M. polarisation:
$ = 
a 3 4
where . = -2 tanj , 4
-1 r " I0 . ^3,4 1
^<4 J
and (3,4 = kq
f l  2 ~ ‘ 
- "3,4
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Although this choice is consistent with the cut-off condition, it
has no other theoretical justification.
The Effective index method is more accurate near cut-off than
(11)Marcatili's method, as shown by Hooker and Burns. This is due
to the choice of and to the introduction of some coupling between 
the equations 2.3.5 (k^  is made dependent upon k^ via 3q ).
Non-Rectangular Geometries
Solutions of the wave equation of form 2.3.4 and 2.3.5 are 
only possible for rectangular waveguides. The wave equation 2.3.2 
is separable in several coordinate systems and the most suitable 
must be selected. For example, with a circular fibre, cylindrical 
coordinates would be used;
i.e. b^(x, y) / vi>(x).\p(y) 
but ^^r, 0) - 'I' (.r) (0)
The solution will be the product of a circumferential and a radial 
(2)standing wave .
Similarly, with a waveguide of trapezoidal or triangular cross-
section, k and k would assume different values after each reflec- 
X y
2 2
tion (with k^ + k^ constant) making a solution of form 2.4.4 impossible. 
The Diffused Channel Guide
The present work is entirely concerned with this type of wave­
guide. It is relatively easily made and possesses excellent guiding 
properties.
The diffused channel guide is made by the selective doping of 
a planar substrate by an index modifier, producing a two-dimensional 
graded index channel beneath the surface. At this surface there is a 
large index step.
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If, as is common, a diffused guide is much wider than it is 
deep, it may be considered to be approximately rectangular and will 
behave in a qualitatively similar manner to the rectangular guide.
It is not feasible to extend the W.K.B. method to two dimensions; 
however the following may be deduced:
(1) The n(x, y) = n^ contour marks the boundary between the 
confined and the evanescent fields. This follows from a consideration 
of phase velocities as in section 2.1.
(2) It follows from (1) that the effective width and depth of
the guide vary with n^- This will affect the manner in which the 
mode spacing changes with mode order or diffusion depth.
With diffused channel guides, the need for an accurate, 
numerical, general solution of the wave equation becomes acute. The 
Effective Index Method cannot be used with confidence unless it 
has been first checked against such a solution and a calibration 
obtained for the effective width.
2.5 Summary of the General Characteristics of Stripe Dielectric
Waveguides
If the waveguide geometry is roughly rectangular i.e. it has 
a long and a short dimension whose axes are mutually perpendicular, 
the following qualitative statements may be made.
(1) A pair of distinct but not independent transverse resonances
across the long dimension (width) and the short dimension (depth)
may be distinguished. Associated with these resonances are what 
may be termed the "lateral" mode order (n) and the "slab" mode order 
(m) respectively, m and n give the number of field zeros of the 
quasi-sinusoidal standing wave pattern across the width and depth 
respectively.
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(2) Associated with each slab mode is a full spectrum of 
lateral modes. These respond to width and index-difference in the 
same way as do slab modes to depth and index-difference. (See 
Figs. 2.3 and 2,6).
(3) For well guided modes the resonances are only slightly 
coupled : the lateral evanescent field is determined largely by
the width and the lateral index difference. For modes near cut-off, 
the transverse resonances are strongly coupled, so that the index 
difference n - n. governs the evanescent field in medium i, 
irrespective of width or depth.
(4) A large index difference, n^  - n^, allows a single-mode 
guide to have a large (well confined field). This is only achiev­
able with a smaller index difference if the guide is multimode.
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THE RING-RESONATOR AND ITS ELEMENTS
The ring-resonator is a closed loop of stripe, optical waveguide. 
In practice, the optimum shape will be a circle (since curvature 
changes cause loss), although the resonance condition is unaffected 
by the shape.
In its application as a channel dropping filter, the ring- 
resonator must extract light of one wavelength from the input wave­
guide while leaving that of other wavelengths undisturbed. This 
can be achieved only by using directional coupling to transfer power 
from the input guide to the ring.
3.1 The Directional Coupler
The directional coupler consists of two parallel,dielectric 
waveguides whose separation is sufficiently small for their evanescent 
fields to overlap. As will be shown, this results in a transference 
of power between the waveguides. The fraction of power transferred 
from one guide to the other depends upon the distance, S, for which 
the guides run parallel before diverging. S may be termed the 
"interaction length".
Since the ring itself will form one branch of the coupler, the 
input guide must, necessarily, follow the curve of the ring for a 
fraction of its circumference in order to secure sufficient power 
transfer (see Fig. 3.1). It will be assumed that the resulting 
curved directional coupler behaves in essentially the same way as a 
straight one.
RING RESONANT AT X i
A
x,*x.
Fig. 3-1 Schematic diagram of
Ring-Resonator
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The coupler may be developed by considering the two identical, 
parallel waveguides to be initially very far apart. The wave ampli-. 
tude function of each guide is (x,y). We consider only the 
fundamental mode.
If the guide separation is reduced, the guided fields will overlap 
and a mode of the composite guiding structure will result from their 
superposition. This mode will be symmetric if the guides propagate 
in phase, or antisymmetric, if in antiphase.
(i) Symmetric; 4»g(x,y) = - %Q),y] + VqEfXQ - x) ,y]
(ii) Antisymmetric: it'^ (x,y) - 4^[(x ~ x^jfy] - ^q [(Xq - x),y]
where the guides are centred at ± x^. See Fig. 3.2.
The symmetrical, composite, guiding structure cannot support a pure 
mode (i.e. one whose amplitude has no z-dependence) which is asymmetric, 
These two modes have different propagation constants (6^ and 
which diverge as the guide spacing, c, is reduced.
When c = «>, 6 = 8 - 3^s a u
When c “ 0 , $ = and g. = B-
• S 2q a 2-|
where g and g are the lowest-order lateral modes of the 
2q 2^
double-width guide.
Thus is greater than and we define;
a 0
(3.1.2)
- (Sg
Because of this divergence, g^ and in 3.1.2 and 3.1.1 will not be 
strictly identical to those of the isolated guide. However, if 6g
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is small - as will be assumed - 3.1.1 may be used with very little 
error.
If., all the power is initially in one guide, this asymmetric 
amplitude distribution can only be due to the presence, in phase and 
in equal strengths, of both the symmetric and the antisymmetric modes. 
The amplitude function (neglecting, temporarily, the
y-dependence) is their sum.
-jg z -jg z
ti'^ (x,z) = [iIJq (X - Xq ) + iîIq XXq - X) ]e + [ii^Q(x-Xq ) - t1Iq (Xq - x)]e
Using 3.1.1 and rearranging, we obtain;
ilj^ (x,z) = [^vIJq (x - X q ) e (x^  - x) ^
whence;
-jg.z
(3.1.3)
\|j^ (x,y,z) = [\p.j(x,y) cos(Kz) - j^g/Xyy) sin (K.z) ] e
where ^^(x,y) = 2i1Jq [ (x - Xg),y] ; 4^ (%,y) = 21];^ [ (x^  - x),y]
and where K = 6g is the Coupling Coefficient.
Thus, the coupling phenomenon may be interpreted as the "beating" 
of two almost degenerate modes. The power associated with each guide 
varies as the square of the field amplitude.
2i.e. Power associated with guide 1 « cos (Kz)
2
Power associated with guide 2 ® sin (Kz)
If all the power is initially in guide 1, it will be completely trans­
ferred to guide 2 over a distance L where:
KL = 7t/2
^0Therefore L = -57---- — -— 7 (3.1.4)
e e ' s a
L is called the "Transfer Length".
ISOLATED GUIDE 
FIELD
-X X0
l]JU [ SYMMETRIC ]
- X
>
[ ANTI- 
- SYMMETRIC]
Fig. 3-2 Construction of directional coupler 
modes.
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Evanescent Coupling
As an alternative, complementary approach to the directional 
coupler we consider the effect of the evanescent field of guide 1 
penetrating guide 2. Within the guide, n is greater than n^, so the 
evanescent field must convert to a radiation field and a guided mode 
be excited. The coupling coefficient is a function of that fraction 
of the evanescent field energy which is within guide 2. This energy 
fraction is proportional to the square of the field amplitude at the 
inner boundary of guide 2. Knowing the limits of K for c = «» and 
c = 0, it may be inferred:
K(c) = K^e'^Gc (3.1.5)
where K = K(0) = ^  (6 - 6 ) (see p.24)
e is some constant
Ç is the evanescent decay constant.
Equation 3.1.5 shows the requirements for strong coupling between 
parallel guides:
(i) Large K :^ The guides should be narrow if the double width
guide is to have a large mode separation (3„ - 6 ).
0 1
(ii) Small g ; The medium between the waveguides should have
a refractive index which is close to n .
e
(iii) Small c: The guides should be close together.
Each mode will have its own coupling coefficient; in general 
K increases with mode order.
If the guides are not identical (6  ^ #= g^) then the transfer of 
power will not be complete for s - %J9),(16),(19) ^^^h the planar
fabrication techniques used in this work, this would most probably be 
caused by differences in the guide widths. Therefore it is undesirable 
for the guides to have a large width-dispersion (i.e. the rate of 
change of n^ with respect to width.)
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3,2 The Resonator
The ring-resonator differs from other cavity resonators in that, 
at resonance, there is no standing wave. Propagation is unidirectional 
with respect to a curved propagation coordinate.
We consider a continuous wave, with amplitude tIJq, coupled into 
the ring at a point 'A' (see Fig. 3.3) situated at the end of the 
input coupler. This wave is guided around the closed loop and arrives 
back at A shifted in phase by 61; 6 is the guide propagation constant 
and 1 is .the ring circumference. The curved guide is lossy (the input 
coupler contributes to this loss), so the wave amplitude is reduced 
by a factor a. Arriving back at A, this wave encounters and adds to 
another part of the wave-train which has just coupled in. The result­
ant wave goes round the ring and this sequence is repeated until the 
initial wave-front has decayed away to zero amplitude. Thus the 
steady-state amplitude at A is given by the following infinite sum:
\  “ ^0 I  w . 2.1)
n=o
is maximised when 61 = 2m7T (resonance) 
and minimised when 61 = 2 (m + %)w (anti-resonance) 
where m is the (integer) order of resonance.
The m,^ resonant frequency is:
f me
where c is the velocity of light in free space.
The ring-resonator thus has a 'comb' frequency-response with a constant 
resonant-frequency spacing;
"el
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The Input Coupler at Resonance
Being a symmetrical device, the input coupler contributes to the
loss of the ring. This coupling must, therefore, be optimised if the
resonance is not to be damped unduly.
If the input coupler has coupling coefficient, K, and interaction 
length, s, the factor a may be written;
a - Y cos(Ks)
where y may be called the "ring transmission factor", and accounts
for both the intrinsic ring losses and the output coupling.
If the amplitude of the wave of the beginning of the input guide 
is 4;^ then, from 3.1.3:
sin(Ks)
Thus, at resonance, from 3.2.1
00
[sin(Ks) * Y, Y^cos^(Ks)] (3.2.2)
n=o
Being a simple power series, the sum may be calculated immediately.
At resonance:
<  = -j*. --------------------------------- (3.2.4,
1 - YV1 - sin2(Ks)
For optimum coupling we require to maximise the amplitude in 
the ring. Thus
8[sin (Ks)]
Some simple calculus yields the result;
cos(Ks) = Y (3.2.5)
. 2Thus, for optimum coupling, the power input, sin (Ks), must balance
2
the power loss per circuit (1 - y ).
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For this optimum:
= -jl'.,— Z— rr (3.2,6)
3.2.6 gives the amplitude in the ring at point A (the end of the 
coupler). At the start of the coupled section the amplitude is:
, r
Therefore, the amplitude in the input guide, at point A, is:
cos(Ks) - sin(Ks)
Substituting the optimum coupling, 3.2.5 and 3.2.6 we find:
*2 = 0
Thus, at resonance and for optimum coupling, the input power is 
totally diverted into the ring.
The Input Coupler at Anti-Resonance 
At anti-resonance (61 = 2 (m + %)m)
00
= -jip. [sin(Ks) Y  (-1)"y"cos"(Ks)] 
n=o
with optimum coupling (cos(Ks) = y), this yields for the input guide 
and the ring, respectively:
2
, a
= -3^ .
1 + y
v/ T T T '
Thus a real, lossy ring-resonator with adequate input coupling will 
have a wave amplitude which is non-zero at all frequencies.
I
%
%
II
%
Y '
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Output Coupling
If an output coupler identical to the input coupler were placed 
at point A, it is clear from 3.2.6 that, at resonance, the output 
guide amplitude, would equal The ring would shunt the input
energy into the output guide entirely. This is the ideal for a channel 
dropping filter.
However, since, for optimum coupling:
2
a = cos (Ks)
this ideal can be achieved only if the ring has no intrinsic loss.
In general, output coupling should be kept as low as is possible 
for the purpose envisaged. Also, it may be advantageous to under­
couple the input, thus sacrificing some efficiency for an improved 
Q-factor. [See Fig. 3.6 (a)]. Over-coupling should always be avoided 
as it reduces both the efficiency and the Q-factor. [See Fig. 3.6 (b)].
The Q-Factor of a Ring Resonator
The basic definition of the Q-factor is:
ù)q X Energy Stored 
^ ~ Mean Power Loss (3.2.7)
where oJq is the resonant angular frequency.
To derive the expression for the Q-factor of a ring resonator we
consider a discrete packet of photons travelling one circuit of the
ring. The initial energy of the packet is w^.
2
Energy after one circuit = a w^
4
Energy after two circuits = a w^
On average, we may say, w = w^ exp(-az)
where z is the curved path coordinate and a is the mean attenuation 
constant.
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2
From this it follows that a = ^
In terms of time: w = expf-a.v^.t)
Vg is the velocity of the energy packet. This is the waveguide group 
velocity. Stripe waveguides are by no means dispersionless.
dwMean Power Loss = - “
dt
= av w 
9
21n(o)Vg
By definition group velocity v - ^
g dp
So
V dw 
9
1 d .
27 df
Changing the variable to \ and expanding gives:
rn dn -,
e1- .  -0 r_± _
Vg C [Xg dX
So Q-factor (in terms of ring radius R) is:
Q = _
In(cr)
dn
r n dn -1 
e  e
l Xq - dX
(3.2.8)
Since is itself negative, the Q-factor is seen to be
increased by the waveguide dispersion. Using the technique described
in Chapter 5 to compute the modes of stripe waveguides, the dispersion 
dn n
term is found to be less than 10% of —  in the area of concern
i.e, near cut-off to obtain single mode guidance. Thus, to a first
approximation, this term may be neglected.
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The Frequency Response
In terms of frequency, and with optimum input coupling, the 
amplitude of the wave in the ring may be written (from 3.2.1);
4^  ^= -j'lJ.,/! - Y^'[ Z (  y^^cos(2mr~) ) + j (Y^^sin(2mr |j))] 
n=o n=o
This is calculated over a range of frequencies by digital computer.
For each frequency the series is summed until is less than 0.01.
The Q-factor may also be calculated using the formula:
Q = - j f  (3 .2 .9 )
where ôf is the interval between the half-power points.
Fig. 3.4 shows how the frequency response (ip^  vs. frequency) varies 
with Y, assuming that the input coupling is maintained at the optimum.
Fig. 3.5 shows the comb-frequency response and demonstrates how 
the resonance-spacing, Af, and the Q-factor vary with the ring radius R.
Fig. 3.6 illustrates the effect of (a) undercoupling and 
(b) overcoupling the input. Clearly it is not particularly disadvan­
tageous to undercouple; reducing the optimum interaction length by 
up to half.
The figures for the Q-factor given by formulae 3.2.8 and 3.2.9 
are in good agreement, the error being about 5%,
Clearly, Q-factor values for ring resonators must be treated 
with caution as very poor quality resonators [p|g,3.4(c) ] nevertheless 
have large Q-factors. It is suggested that an "acceptance-ratio",
__£ , be used in addition. With optimum coupling;
* ^2 (3.2.10)
1 -
10 GHz f
f
f
Fig. 3 4 Theoretical ring-resonator frequency 
response [amplitude, vs. frequency]
5
(a) Y=0 95 ; Q=2-3x10
(b) Y = 0-85; Q=7-3x#
(c) Y=0*6 ; Q=2'3x10^
radius = 0-5 mm 
ng=1-523 
\  = 632-8 nm
A j j
(a)
.«— 20 GHz
(b)
A
(0
Fig. 3-5 Ring-resonator comb frequency 
response [as Fig. 3 4 ]
(a) R=1-0 mm ,• Q=4 6x10'
(b) R =0-75 mm ; Q=3*5x1Q^
(c) R=0-5 mm ; 0=2 3x10^
Y=0-95
S/So
0 5
02 5
20 GHz
2.0
Fig. 3 6 -  As for Fig. 3 4, but with input:
(a) under-coupled; (b) over-coupled 
s is the actual,and Sq the optimum, interaction 
length. Y is fixed at 0 9.
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For example: a loss of 1 dB per circuit gives a value of y of 0,891.
This gives an acceptance ratio of 18.8 dB.
3.3 Losses in Optical Waveguides
It is clear from the previous section, that a major problem in 
the design of ring resonators concerns the input coupler. It is 
necessary to be able to produce a coupler with a pre-determined coup­
ling coefficient. Of equal importance is the related problem of wave­
guide losses. Unless the ring transmission factor, y, is known, the 
optimum coupling cannot be designed. Also, unless y is close to unity 
(low loss), the device will be of very poor quality and the required 
input coupling impracticably large.
Straight Guide Losses
Losses exhibited by both straight and curved guides may be due 
to many distinct factors which include:
a) Scattering due to material bulk defects
b) Scattering due to imperfectly smooth boundaries
c) Absorption by the guide material.
Such imperfections generally cause coupling between the modes 
of a multimode waveguide and this contributes to the loss mechanism.
A large mode-spacing helps to reduce such intermode coupling.
In general, these losses are not amenable to theoretical treatment 
and, in this work, will simply be measured.
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Curvature Losses
f231 (25)The loss which occurs only at a change of curvature is
not important for the circular ring resonator, therefore this section 
will be limited to a consideration of constant curvature losses.
The propagation in a guide of constant curvature may be expressed;
= $
where a = is the attenuation constant, to which both
linear and curvature losses contribute. 8.- ja may be considered as 
a complex propagation constant.
3.4 The Constant Curvature Loss
When a stripe waveguide takes the form of a curve in the x-z 
plane of constant radius, (the outer boundary radius), the tangential
propagation properties and 3 (and hence n^) become functions of 
the radial coordinate, p. For the guided wave to follow the curve it 
must have a constant angular phase-velocity, and a "wave-angle" 
rather than wave-length.
^e  ^ ^e ^2Xg^p) 0 ; n^(p) = 0 (3.4.1)
'‘a "
where X and n are the values at the outer boundary of the 
%  ®0
waveguide.
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At some radius (the critical radius p - p^) n^(p) will equal the 
substrate, refractive index, n^ [See Fig. 2.8 (a)].
"e^^c^ " "4 where p^ > Rg
This is the usual cut-off criterion, as discussed in 2.1. For p > p^ 
the evanescent field converts to a radiation field propagating 
tangentially to the arc p = p^, and energy is lost.
n
From 3.4.1 p^ - = R^[ ^0 - 1] (3.4.2)
n.
This loss is dependent upon the evanescent field amplitude at 
p^. Minimising it requires that[p^ - R^]and (the evanescent field 
decay constant) both be large, thus requiring a large and a large
ratio __0 . The bending loss is thus doubly dependent upon this
index ratio, through both and[p^ - Rj.
Since n^ is now a function of p, and:
n  T
^4 “ 0 v'^ e “ ^4
it may be inferred that the field amplitude functions are changed by
the bend. They become less tightly bound for p > R^ and more tightly
bound for p < R^. This tends to increase the loss and means that the
straight-guide fields cannot be used in any bending-loss calculation
with complete accuracy.
The inner guide boundary (at p = R^) may become redundant if,
for some radius p.j (where < p .j < Rgi^n^/p^) exceeds n^ (the inner
(21 )
substrate index). Thus the Pill-Box resonator becomes a possibility.
i,
.f 
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Fig. 3 7 The effect of guide curvature on
(a) the phase fronts
(b) the field distribution
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Analysis of the Curved Guide
Most published analytical methods concentrate on bent slab wave­
guides, or circular fibres (or other specific geometry).
Some use the straight guide fields to estimate the curvature attenuation
( 27 )constant (a ). One of these - that of Marcatili and Miller - as c
compared with the method of M a r c a t i l i - is in error by a factor 
of 100 in the values of a^. The problem is that the attenuation con­
stant is very sensitive to the evanescent field spread. For this 
reason straight-guide approximations and bent slab/effective-index 
approaches are of dubious value.
The Index Transformation Method
The method to be outlined is based upon that of Heiblum and 
(31i (32)Harris ' in which a conformai mapping between complex planes
is used to transform the curved waveguide into an equivalent straight 
structure. The method of (31) is valid only for bent slab waveguides 
and cannot be extended to stripe-waveguides unless the formalism of 
complex planes is abandoned. A direct transformation of variables, 
in three dimensions, is used here.
The equivalent, straight guiding structure has a complex propa­
gation constant whose imaginary part gives Unfortunately there
is no, available method for calculating this. Nevertheless, the 
transformation alone gives valuable insight into the loss mechanism 
and will be presented in isolation.
Propagation in the curved stripe waveguide is described by the 
wave-equation in cylindrical coordinates (p, y, 0):
37.
+ 4  = 0  ,3.4.3,
p 30 9 Y
where y is the depth coordinate.
To find the equivalent straight guiding structure we require a 
change of variables which will transform the above into the wave- 
equation for a straight guide;
I + ^ + -^-“1 + kgnuXXfY) = 0 (3.4.4)
3x 3z 9y
where the cartesian coordinates (x,y,z) are functions of (p,Y,0).
We try the transformation;
(a) z = R^Q
(b) X = R2^n[|-] (3.4.5)
(c) y = Y
(a) conserves propagation distance at the waveguide;
(b) conserves the guide width as nearly as possible (6x - 6p for
p = R^)I sets X = 0 at the outer guide boundary and shifts the singul­
arity at the centre of curvature to x = -
(31 )(a) and (b) follow Heiblum and Harris and are known to map a
circle to a straight line. (c) is simply a trial substitution.
Using 3.4.5, 3.4.3 becomes;
+ k2 p . 0
3'X 9z R^ 9y
So the transformation must be modified. We try;
^2(c) y = — .y, (3.4.5)
iJÜ + A .  + a'*
ax' ay' ax'
38.
In this case, the ■“  term of 3.4.3 becomes very complex. However
9p
all the terms of this, except one, are of negligible magnitude, so 
3.4.3 becomes, with very little error:
2
+ kg %  n^(x,y) = 0 (3.4.7)
"2
which is of the correct form (3.4.4).
Therefore, the transformed refractive index is;
n^{x,Y) = n^(x,y)e*/^2 (3.4.8)
The effect of this transformation upon the shape, dimensions and 
refractive index of the guide is illustrated in Fig. 3.8.
It may be noted that the transformed index profile has all the 
essential features of a prism-coupler (i.e. directional coupling into 
the unbounded region to the right). Clearly, guides which make good 
directional couplers will behave badly on bends - and vice-versa - 
since coupling and bend-loss are thus shown to be closely related 
phenomena. However, the waveguide bend would seem to be more 
critically dependent upon the index difference n^ - n^ than the 
directional coupler. The coupling gap of the latter is fixed, whereas 
that of the former varies with this index difference.
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3.5 The Choice of Waveguide
In this chapter all the concepts fundamental to ring resonator 
design have been introduced. On this basis the waveguiding require­
ments may be summarised as follows:
1) Single mode guidance is highly desirable since each mode has 
its own coupling coefficient (K), bend loss and resonant frequencies. 
The presence of higher order modes would reduce the selectivity of the 
filter as well as reducing efficiency. To obtain single mode guidance 
it is advantageous to use narrow guides with a large index difference 
to give a large lateral mode separation,
2) A large directional coupling coefficient is required. If a
ring transmission factor (y) of 0.9 were achieved, optimum coupling
would require almost 30% of the transfer length (L). Since rings
of less than 1 mm radius are envisaged, the available interaction
length is small. Thus, the guides should be narrow and the index
difference n - n (where n is the inter-guide index) should be e s s
small,
3) Low bending loss requires that the index difference n - n
e s
be large.
Clearly, there is some conflict between (2) and (3) and a com­
promise must be sought. Hence:
4) Some versatility in the fabrication is desirable, in particular 
as regards refractive index differences.
4 0 .
3.6 The Silver Ion Exchanged Waveguide
The silver ion-exchanged waveguide is found to offer a suitable 
compromise to the above requirements.
These waveguides are made by immersing a substrate of soda-lime 
glass in a bath of molten silver nitrate (AgNO^). Sodium ions diffuse 
out of the glass into the melt and are replaced by silver ions, thus 
increasing the refractive index near the surface. The mechanism of 
ion-exchange is considered in some detail in Chapter 4.
Stripe guides are made by coating the glass surface with a 
diffusion mask, in which slit-like apertures are opened. The resulting 
channel guides, being separated by the substrate material rather than 
by air, make better directional couplers than ridge or rib guides. 
Nevertheless, the difference between the surface and substrate refrac­
tive indices is large , compared with that of other types of diffused 
guide. This is typically about 0.09, which allows bends of fairly 
small radius to be made.
All diffused channel guides have the desired fabrication versa­
tility since it is always possible to reduce the index difference of the 
finished waveguide by "baking" it; that is, by bringing it up to the 
diffusion temperature in the absence of a diffusant source, thus allowing 
the concentration gradients to relax.
In view of this possibility, the diffused guide with the highest 
initial refractive index is used - the silver ion-exchanged guide, 
made using pure silver nitrate.
Waveguides may also be made using potassium ion exchange, by
(49)using silver nitrate diluted with aodium nitrate or by diffusion 
of titanium into lithium niobate (LiNbO^). These all have a rather
41 .
low index difference; and problems can arise with the latter 
because of the optical anisotropy of LiNbO^,
Diffused guides, naturally, have smoother edges than ridge
(54)
guides and may be expected to have lower straight-guide losses.
(59)
Strip-loaded guides were not considered,due to their very weak, 
lateral confinement.
The rest of this thesis is mainly concerned with various aspects 
of the silver ion-exchanged waveguide made using a pure silver 
nitrate melt.
The Rationale
A preliminary study of stripe ion-exchanged waveguides by
(55)
Gallagher revealed that the experimental width-dispersion 
curve (i.e. n^ vs. diffusion aperture width, for lateral modes) 
disagreed quite violently with that predicted by the Effective Index 
method.
It was felt to be essential that an accurate, theoretical 
model of these waveguides be available:
(a) so that some non-empirical design (of the directional coupler 
in particular) might be possible.
(b) To show up if, and how, the waveguide behaviour differs 
from the ideal so that improvements might be made.
Since the Effective Index method was not felt to be entirely 
trustworthy in this case, work was started on a model based on 
numerical techniques- The first step is to obtain the refractive 
index profile of the diffused stripe waveguide. This necessitates 
numerical solution (by digital computer) of the relevant diffusion 
differential equation. The diffusion theory pertaining to this 
solution is discussed in Chapter 4, and the solution itself in 
Chapter 5.
4 2 ,
Having solved the diffusion equation, it is then necessary to 
solve the wave equation in the resulting 2-D region of arbitrary 
refractive index. This general numerical method is described in 
Section 5.2.
P A R T I I
4 3 .
C H A P T E R
THE THEORY OF ION EXCHANGE
4.1 The Structure of Glass . .
Glass is not a single chemical substance. It is a mixture of 
fused, inorganic oxides, the principal component usually being 
silica (SiOg); there is a very great number of possible oxide formul­
ations which could be classified as glasses.
In this work interest is centred upon Soda-Lime Silica glass.
This is used because of its ion-exchange properties and also because 
of its ready availability in the convenient and suitable form of 
microscope slides.
The structure of glass is not perfectly understood; it is believed
to be that of a solid with the molecular disorder of a liquid frozen
(41)
into its structure, glass sometimes being described as a super­
cooled liquid.
The simplest type of glass is fused silica whose structure is 
illustrated in Fig. 4.1 (a).
The basic unit of silica is the SiO^ tetrahedron which is held 
together by single covalent bonds. The bonding requirements of the 
oxygen atoms - that each be bound to two silicon atoms - cause the 
tetrahedra to link together into a random, three-dimensional SiO^ 
network. Crystalline silica (quartz) is formed if the cooling is very 
slow and the minimum free-energy State is achieved before the structure 
is frozen.
Soda-Lirae glass differs from fused silica in that it contains 
about 14% by weight of sodium oxide (Na^O). The effect of this 
addition upon the resulting structure is suggested by Fig. 4.1 (b).
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The extra oxygen allows the bonding requirements of many silicon 
atoms to be satisfied without recourse to cross-linking. Thus, the 
network is broken up and the single, bridging, oxygen atom of fused 
silica is replaced by two non-bridging oxygen ions, each carrying a 
single negative charge. The sodium ions (Na ) reside in the vicinity 
of these fixed negative charge centres. This glass is less viscous 
and has a much lower melting point than fused silica.
An important feature of such glass is the relative freedom of the 
sodium ions. Given sufficient energy, they may escape frpm the 
potential wells in which they normally reside and move through the 
network. If the glass is immersed in a molten salt containing a 
different cation, sodium ions will leave the glass and the foreign 
cations will replace them.
Holland (41, p. 135), quoting earlier workers (Kraus and Darby - 
1922) states that the cations from fused salts of Li, K, Cu, Pb, Zn, 
and Ag could all enter soda-lime glass to replace the sodium. However, 
with the exception of silver, the treated glass cracked on cooling.
The silver ion has almost the same radius as that of sodium and so 
produces little strain in the glass.
The ion-exchanged waveguides studied in this work are produced 
by immersing a glass substrate in molten silver nitrate (AgNO^).
We therefore study the silver/sodium ion-exchange system with a 
view to computing, as accurately as possible, the refractive index 
profile of stripe ion-exchanged waveguides.
4 5 .
4.2 The Mathematics of Inter-Diffusion
The following assumptions and limitations are made.
1) We consider only the glass and ignore the melt. This is 
possible because of (2) below.
2) The glass surface is assumed to remain saturated with silver 
ions. This assumption is justified by Doremus^^^^ who found that the 
silver-ion partitions preferentially into the glass.
3) The self diffusion coefficients of silver and sodium in glass 
are assumed to be independent of concentration. This is also justi­
fied by the work of Doremus.
4) The refractive index is assumed to vary linearly with silver 
concentration.
The process is considered in terms of two general monovalent 
ionic species labelled 'a' and 'b'. However the subscript 'a' may 
be taken to refer to silver and the subscript 'b' to sodium.
To ensure generality we consider glass of mixed composition, 
containing both ion species. The ionic concentrations (C and C 
ions/m^) are functions of two space dimensions (x and y).
The glass is, initially, electrically neutral therefore the
total positive ion concentration must equal the concentration of
negative charge centres in the silica matrix. This is constant and
is called C, . Thus: k
C^(x,y) + C^iXrY) = (4.2.1)
Differentiating :
grad C^(x,y) = - grad C^(x,y) (4.2.2)
If the temperature is now raised to a level at which ion-exchange 
can begin, the concentrations become functions of time also. The
4 6 .
ionic fluxes (cg_) due to Fickian diffusion are:
Û) = - D grad C 
•^ a a a
(4.2.3)
where D and D. are the ionic self-diffusion constants. These a b
are related to the ionic mobilities and by the Einstein relation:
kT
D = ^  . y (4.2.4)
e
where k is Boltzmann's constant
T is the absolute temperature 
e is the electronic charge.
D o r e m u s p o i n t s  out that 4.2.4 has been found, by several 
workers, to be inaccurate in glass,though his own findings are consis­
tent with it. In (40.) he states that phase separation in laboratory 
prepared glasses may be responsible for this. We (as did he) use
commercial glass which contains some alumina to prevent phase separation,
Thus 4.2.4 will be assumed to be accurate.
Since D^ is less than D^, the heavy silver ion being the less
mobile, it is clear that the two ionic diffusion fluxes cannot be 
equal. Since each ion carries a single positive charge, there will 
be a charge separation which is self-limiting; the resultant electric 
field equalising the total ionic fluxes.
The drift flux due to the electric field is (using 4.2.4):
= Dc [ | ^ ] e (4.2.5)
where E is the total electric field strength. This includes any 
external fields which may be present.
4 7 .  /
Summing the two flux components for each ion-species- gives the 
total flux.
fa = -
(4.2.6)
During ion-exchange diffusion, therefore, an electric field is 
always present. The overall neutrality of the diffusion system is 
retained but the glass will now contain regions of net positive and 
negative charge. The instantaneous volume charge-density, p{x,y,t), 
is:
P = [Ca + Cb -
So C + C, = C + f (4.2.7)
a b k e
Comparison of 4.2.7 with 4.2.1 reveals that the latter is not strictly 
true in the dynamic state. However, examples on the final solution 
(see Appendix 2) confirm that is negligible by comparison with 
the difference being about nine orders of magnitude. Hence, for most 
purposes, 4.2,1 may be used with confidence as an approximation to 
4.2.7.
Normalisation
It is convenient, at this stage, to normalise the concentrations 
with respect to Cj^ . We define:
C (x,y,t) 
u(x,y,t) = -
C^(x,y,t) 
w(x,y,t) = -
48.
Thus the exact relation 4.2.7 may be re-written;
u + w “ 1 + (4,2.8)
We also define:
■ 1 "aot =  1 — ——
b
a is a constant which describes the non-linearity of the final 
diffusion equation.
Hence, the normalised fluxes are (from 4.2.6):
lu = - U - (If) u e ]
^  = - ojgrad w - (|f ) w e ]
(4.2.9)
In order to proceed further, we require the flux-continuity 
equations (from the divergence theorem):
“ - div and = - div ^  (4,2.10)
whence, from 4.2.8:
3
9t
This gives the net current flow at the point in space concerned. 
Since —^  is very much less than unity we may say, with negligible 
error:
div (cg^  + £^) = 0 and w = 1 - u
Inserting the flux expressions (4.2.9), eliminating w and grad w and 
using the definition of a above, we obtain:
49.
div[a grad u + '(1 - au)E] = 0 (4.2.12)
It must be noted that, because the divergence operator does not 
have a unique inverse, it may not be concluded, in general, that the 
operand of 4.2.12 is itself zero,although this is one possible solution. 
The conditions for which this solution may apply are considered in 
section 4,4.
In addition to 4.2,12 we have, from 4.2,9 and 4,2.10:
= D [V^u - "0;T(u div E + E’.grad u) ] (4,2,13)3t a kT — —
Similarly, expanding 4.2,12 gives:
V^u = “ [E.grad u - ~(1 - au)div E] (4,2,14)
2Thus, eliminating V u from 4.2,13, we find:
but, from Maxwell's first equation!
p - div(e^)
(4.2.16)
E div E
if the permittivity (e) varies slowly.
Thus, the rate of change of silver ion concentration is seen to 
be proportional to the instantaneous charge density.
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4.3 The Control System Model
In order to obtain a practical solution, we neglect the charge- 
density term when it occurs as the difference of two nearly equal 
quantities. However, in reality this term is a very important factor 
in the ion-exchange process. By tracing this physical process, we 
find that it behaves like a feedback control system and may be illus­
trated as such (see Fig, 4,2). The stages of the control loop are as 
follows :
D'The concentrations and their gradients constitute the system 
"input”. To these are added an electric field term, fed back from the 
"output". This gives the fluxes of 4,2.9,
2) The fluxes are summed, converted to a scalar quantity by means 
of the divergence operator (4,2,10) and integrated with respect to time
to give the charge density (4.2.11),
3) The loop branches at this point, E and both derive from
—  0 t
p according to 4,2,16 and 4,2,15, Thus, a further integration gives
u, and some suitable inverse-divergence operation gives i,e,
1 - 1
E = — div (p)
—  £
Both terms are then fed back to the various input stages.
The Inverse Divergence Operation
As has already been noted, the divergence operator has no unique 
inverse. However, for the specific case of Maxwell's first equation, 
the electric field may be derived from the charge density function by 
summing the voltages, at a point (a,b), due to all the elemental 
charges dQ:
dQ = p(x,y)dxdydz
51 .
The voltage at (a,b) due to dQ is dV
dV = dQ
tïïe/(x-
2 2 2 
a) + (y-b) + 2
The total voltage at (a,b) is;
CO
1V(a,b) =
4 tt e
p (x,y)dx dy dz
-00
Æ- 2 2 2 a) + (y-b)^ + z^
( JNTT r^ \7 \
¥a ' "ab /
Hence, differentiating with respect to a and b and then performing 
the z-integral, we obtain*.
(i)
(ii)
E^(a,b)
E^(a,b)
- 1
2ïïe
p(x,y).(x-a)
2 2 
(x-a) + (y-b)
dy
-00
00
- 1
2ïïe
..p ( X r Z U i Y z b ) :   a x d y
(x-a) + (y-b)^
(4.3.8)
-00
In this model of the ion-exchange process every point in the 
x-y plane is governed by a system like that of Fig. 4.2, It is linked 
to adjacent points via the space derivatives, and to every other point 
by the above inverse divergence operation.
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4.4 Solution in an Unbounded Medium
Before even a numerical solution of this diffusion problem can 
be attempted, it must be reduced to a partial differential equation 
in terms of u(x,y,t) alone; E and div E must be eliminated betweep 
equations 4.2.12 and 4.2.15. This is only possible if 4.2.12 can be 
"integrated" to reverse the divergence operation. As we have seen, 
this cannot be done directly and, in general, the operand of the 
divergence must be derived, in a more or less circuitous manner, using 
other criteria. As with the derivation of E from p (section 4.3) the 
basic physics of the situation must be considered.
4.2.12 is of form:
d i v + b) = 0 (4.4.1)
where vector ^  = a grad u
and b = -^( 1 - au),E
in an unbounded medium, with no externally imposed electric fields, 
grad u gives the direction of the Fickian flux components (4.2.3).
The electric field, E, which arises in response to the imbalance of
these fluxes in order to restore the balance, will naturally be 
colinear with grad u. This balance being restored, will equal 
- which implies that ^  ^ = 0.
Thus, the simplest possible solution of 4.4.1 applies in this 
case, giving:
^  E = - grad u (4.4.2)
and from 4.2.15 with the above:
la . i-r iai (4.4.3,
at ax L 1 - au a x J a y L 1 - au a y J '
5 3 .
D
The term -— — —  may be described as a concentration dependent 
1 - au
inter-diffusion coefficient.
The above solution will not, in general, apply if externally 
imposed fields are present. In that case the direction of _E will not 
be related to that of grad u; vectors ^  and ^  of 4.4.1 will not be 
colinear and _a + ^  can never be zero. A particular example of this 
(the conducting plane boundary) is considered in section 4.6.
4.5 The Insulating Diffusion Barrier
A practical solution of 4.4.3 requires information regarding 
boundary conditions, an important case being the diffusion barrier. 
Physically, this is an abrupt transition from the diffusion medium to 
a medium of zero diffusion coefficient which the diffusant cannot 
enter. An example of this is the diffusion mask which defines the 
width of a stripe waveguide; it is assumed to be electrically insulating 
and neutral in this section.
We define the diffusion mask (and the substrate surface) to be 
at the plane y = 0. The definitive equation for such a barrier is 
that the y-component of flux at the barrier be zero.
i.e. cp = 0  at y - 0 (4.5.1)
y
Thus, from 4.2.9
ip = y = ° '4-5-2)
Since the barrier is electrically passive and insulating, the solution
5 4 .
of section 4.4.should be applicable. Substituting 4.4.2 in 4.5.2 
we obtain:
3Ü _ au. 3u 
3y 1 - au 3y
which is sensible only for the trivial solution:
- 0 and E = 0  at y = 0 (4.5.3)3y y
This is called the "reflecting boundary condition" because it is 
mathematically identical to the case of an infinite, uniform medium 
whose concentrations are symmetrical about the plane y = 0.
4.6 The Metallic Diffusion Barrier
The electrically conducting diffusion barrier is of some practical 
importance due to the use of aluminium as a diffusion mask. In this 
case, the electrostatic boundary condition causes severe disturbance 
of the electric field near the surface. This boundary condition is 
that all electric field components tangential to the conducting surface 
must vanish; charges move within the conductor, thus setting up a 
reaction field to ensure this.
The reaction field is given by the charge reflection property 
of a conducting plane, by which the conductor is replaced by the 
negative, mirror-image of the charge density function. The effect on 
the electric field at the boundary (y = 0) may be quantified using the 
"inverse divergence" operation of 4.3.
5 5 .
From 4.3.8 (with b = 0) we find that any function, p(x,y) which 
is anti-symmetric about the plane y = 0 gives:
E^(x,0) = 0  and E^(x,0) = 2E^ (x,0)
where E (x,y) is the value obtained for 4.3.8 (ii) if the y-integral 
^0
is only semi-infinite.
Thus, although E^ is cancelled by the conducting plane, E^ is 
enhanced by it.
This unquestionably renders the solution of section 4.4 invalid. 
The direction of E is dictated by the conducting boundary orientation 
and is thus unrelated to that of grad u; E and grad u are not colinear • 
so the differential equation cannot be simplified any further than
4.2.13 and 4.2.15.
Discussion of the Conducting Barrier Problem 
An exact solution of the diffusion problem with a conducting 
boundary is impractical; however it seems likely that, despite its 
profound effect upon the electric field, the conducting boundary may 
have little effect upon the final diffusion profile.
Of itself, a conducting plane has no effect upon a given charge 
density, p; therefore E must be changed in such a way that div E is 
not changed. In terms of the control-system model of the ion-exchange 
process, the "inverse divergence" operation is modified by a conducting 
boundary.
But we see. from 4.2.15, that:
3u j.TT « d l V  E « p d t —=
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We consider two stripe waveguide diffusions, identical save that 
one uses a conducting, and the other an insulating diffusion mask. If 
both have identical charge density functions, the above considerations 
suggest that both diffusions will proceed at the same rate. However, 
it is not clear that both diffusions would develop identically from 
the same initial conditions.
We could, for example, conduct a "thought experiment" in which an 
insulating boundary is instantaneously made conducting during diffusion. 
4.2.14, re-written, states:
V^u - “ [E.grad u] = - -“ {1 - au)div E (4.6,1)
Before the transformation
^.grad u = ^  at the boundary.
After the transformation, ^  changes immediately, but div ^  and all the 
concentrations respond (if at all) much more.-.slowly. Thus the only 
immediate change is:
_E,grad u — >  0 at the boundary.
and the equation no longer balances.
The equations do not take account of such transient conditions 
and the fluxes would be unbalanced until such concentration changes
as would balance 4,6.1 occur. The implication is that is non-zero
3y
at a conducting barrier, the "reflecting" concentration distribution 
being incompatible with it.
Nevertheless, it seems likely that such differences as exist 
between the two diffusion profiles will be small and will be confined to 
the vicinity of the diffusion mask. The reasons are as follows:
57.
1) The diffusion mechanism is not disabled by the conducting 
boundary. Although the x-diraction flux components remain unbalanced 
(because is reduced), the y-direction flux components possess the 
opposite imbalance (because E^ is enhanced). Thus the charge density 
is limited and silver ions may flow, unimpeded, into the vicinity of 
the mask, albeit by an indirect route.
2) Elsewhere, in each system (i.e. far from the mask) the diffusion 
rates will be identical. If (for example) ^  were smaller near the 
conducting mask than near the insulating mask, the resultant increase
in the concentration gradient would largely correct this (by means of 
the outer feedback loop of Fig. 4.2).
3) Unlike a true external field, the conducting boundary neither 
adds nor subtracts anything (either ions or motive force) to or from 
the diffusion system. Thus, there is unlikely to be any difference 
in the quantity of silver in each waveguide, only a small difference 
in its distribution.
Lacking an exact solution for this system, therefore, we use the 
reflecting boundary condition to model both insulating and metallic 
diffusion masks.
58,
4.7 The u = 0 Boundary Condition
The boundary condition: u = 0 at y = 0 indicates the presence
of an unlimited source of sodium ions and a sink for silver ions. It 
can be used to define the width of a stripe waveguide in the mathematical 
model of Chapter 5. Since silver is actually removed by this boundary, 
it may be taken to represent a boundary perturbation, far in excess 
of that introduced by a metallic diffusion mask. The feedback connec­
tion mentioned in (2) above is, to an extent, disabled by the extraction 
of silver ions is forced to zero). Nevertheless, as is shown inO t
Chapter 5, the effect of this extreme perturbation is smaller than 
might be expected, being a reduction in the effective guide width of 
about 0.2 ym in a 3 v»m wide waveguide.
4.3 The Full Ion-Exchange System
It must be emphasised that all the above boundary considerations 
take account only of direct effects upon the inter-diffusion mechanism. 
Other indirect effects caused by interaction with the molten silver 
nitrate, for example, are not considered here.
A full model of the ion-exchange system must take account of the 
melt, though if the glass surface remains saturated at all times this 
surface layer may be considered as the silver ion source and only 
half of the system solved. For these conditions the half-system solution 
is exact, and ^  may be found using 4.4.2.
If the problem is one-dimensional (a slab waveguide), the charge 
density is:
P = I^(eE)
59.
^  is found to decrease monotonically with depth (see Appendix 2) and 
it follows that, during ion exchange, the glass possesses a net negative 
charge, also indicating the presence of a positive space charge in the 
melt, near the glass surface.
Thus, the glass may be regarded as an electrode which, when 
immersed in an electrolyte (the molten AgNO^) develops an electrode 
potential. In this it is analogous to a corroding metal or, more 
nearly, to an ionic solution in contact (via a salt-solution bridge) 
with a different solution. The consequences of this will be considered 
in a later chapter.
60.
C H A P T E R  5
THE MATHEMATICAL MODEL
5.1 Solution of the Diffusion Equation
The computer program which: is used to calculate the refractive 
index profile of a general ion exchanged waveguide is called DIF. It 
solves the non-linear partial differential equation:
au _ 3 r ^a. 3u 1 3 r ^a 3ul (5.1.1)
3t 3x L 1 -  oiu 3x J 3y L 1 -  au 3y J
Details of the method and flow-charts of DIF may be found in 
Appendix 3.
In the finite-difference technique used^^^^ each derivative
of 5.1.1 is replaced by its finite-difference approximation.
e.g. is replaced by
The rectangular array U(x,y) represents a rectangular region of the 
x-y plane and contains point-values of normalised silver concentration
(u) taken at intervals of 6x and 6y. In computational terms the values
are given by U(i,j) (i and j are integers) where:
X = (i - 1)5x and y = (j - 1)<5y
Three such arrays are defined, to contain concentration values at 
three time levels: LU(i,j), U(i,j) and NU(i,j) represent times
t - 6t, t and t + 6t respectively. Thus:
^  NU(i,j) - LU(i,j)3u
3t ' 26t
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When all the terms of 5.1.1 are thus replaced, the differential equation 
may be rearranged to give NU(i,j) in terms of LU(i,j), and U(i,j) and its 
four surrounding points (see A3.1.3). Assuming that LU and U are 
available, the whole of NU may be computed, point by point. LU is then 
discarded and replaced by U, U is replaced by NU, the time counter is 
incremented and the process repeated.
Since only one time level is initially available (given by the t - 0 
boundary conditions) a two-level algorithm is used to compute the first 
few. time-steps. Unlike the three-level method summarised above, the 
two level method is not unconditionally stable (instability is caused 
by error build-up) but requires a very small time step, <St. The normal­
ised time step r is defined as:
D 6t
Only if ÔX = 6y may these terms be so grouped.
For stability; r < (1 - a)/4 from (A3.2,2)
However the three-level method can use a much larger time step, 
and this is necessary for computational efficiency. However, near the 
time origin, the very rapid changes require a small value of r, for the 
sake of accuracy, even with the three-level algorithm. For this reason, 
the program begins with r = 0/64 (where r^ is the desired final value)
and r is doubled every 8 time steps until r = r^. This gives a good 
compromise between speed and accuracy.
When the desired number of iterations is complete, NU is written 
into a data-file for use by other programs - the contour plotter, or 
the wave equation solution to be discussed in section 5.2.
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Boundary Conditions
A fourth rectangular array, NB(i,j), contains a numerical code 
which dictates the boundary conditions. The boundary condition code 
is as follows:
0 No boundary.
1 u = 0 ; A source of sodium ions.
2 u = Uq ; If Uq = 1 this represents glass which is saturated
with silver ions,
3 "fx ~ ^  ' Reflection about a y-direction boundary line,
4 ^  = 0 ; Reflection about an x-direction boundary line,dy
5 ~  = 0 ; Defined only where a 3 boundary meets a
4 boundary at a corner.
It is possible to define a boundary along any x or y-directed line,
however only the four edges are normally used, the bulk of NB being filled
with zeros. To save computer time, only half of a symmetrical structure
is computed.
It is possible to start diffusion from some initial profile, which 
is input from a data-file. Thus, after some initial diffusion, the 
source boundary conditions may be changed, the output-file copied into 
the input-file and diffusion recommenced. Various 2 or 3 stage diffusion 
processes (such as the sourceless baking of a waveguide mentioned in 
section 3.6) may be simulated in this way.
Finally, the refractive index variation is computed, assuming the 
linear relation:
n(x,y) = Ug + (n^  - n^)u(x,y)
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5.2 Solution of the Wave Equation
The wave equation to be solved, in some region of arbitrary refrac­
tive index distribution, is the Helmholtz scalar wave equation (see 
Appendix 1):
E + k^E = B^E (5.2.1)
xy X X X
Only Quasi-T.E, (E = E^) modes are considered. '
The computer program which solves 5.2.1 is called WAVE. It uses 
a variational technique which is fully described in Appendix 4. A brief 
summary of the method follows.
The variational expression (5.2.2) is a re-statement of the wave
equation (5.2.1) which incorporates the fact that 5.2.1 must be true
over all space. oq
ff'(V^E + k^E ) .E dxdy_ J  J X X X
F(E ) = B =   (5.2.2)
X 00
11E .E dx dyX X  ^
-00
where k and E^ are functions of (x,y).
We consider the functional, F(^), where  ^ is a trial function
(replacing E^ in 5.2.2) which may be varied. It can be shown that, if
2
 ^= E^, then the value of F($) is stationary and equals B . However, if
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a stationary value is found, as ^ is varied
ap
i.e. = 0 (5.2.3)
it may only mean that the closest possible approach to E^(x,y) and B, 
for the form of function used, has been found. Therefore, we use a form 
of trial function which is capable of approximating to E^ as closely as 
required.
The Rayleigh-Ritz Method
The trial function, ^(x,y), is a series of orthogonal basis functions 
in two dimensions; each term of the series includes a coefficient, a^^, 
which is varied to satisfy 5.2.3. The more terms the series has, the 
more closely may approximate to E .
To minimise the number of terras necessary, we choose a set of 
orthogonal basis functions which closely resemble the modes of a wave­
guide. These are the parabolic cylinder (or Hermitian-Gaussian) functions
(3)which describe the modes of a laser resonator. The parabolic cylinder
function of order n is defined thus;
0 (Z) =
" az"
Each term of the series is the product of an x-direction and a y-direction 
parabolic cylinder function. These must be scaled (via parameters ç and 
n) and normalised (the norm of the function D^j^^^jis yiPüÇ), The guide 
is assumed to be symmetrical about the y-axis, but not about the x-axis.
therefore a zero-shift parameter, y^, is required.
Fig. 51 Parabolic Cylinder Functions D (^x)
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Finally, the series, i|i(x,y), is:
11 111 / x\ / 0 \
ilj(x,y) = ^  (2ïïÇTiii j i )   ) (5.2.4)
i=0 j=0
It may be noted that this is not the same as the product of two 1-D 
series which would have only n + m independent coefficients. The above, 
by contrast, has n x m independent coefficients; thus, the method is not 
limited to a rectangular geometry (see Section 2.3).
9F
This series is substituted for E ■ in 5.2.2 and -— .—  is set to zero,
X
resulting finally in the matrix eigenvalue equation:
[N - 3^I]a = 0 (5.2.5)
where N is a symmetric square matrix (nm x nm), with elements 
derived from the numerator of 5.2.2 and given by A4.3.1. Since each 
series (5.2.4) in the product ij) x requires independent counters, the 
extra counters k and 1 appear.
The matrix N has nm possible eigenvalues (gf) each with its corres­
ponding eigenvector, a, which is a column matrix containing the values
of a...
1]
Practical Details
The main task of WAVE is to assemble the matrix N, after which the 
eigenvalues and eigenvectors are computed by means of standard matrix 
manipulation routines. Since computation of each element of N involves 
a surface integral, the program will be very slow unless the numbers of 
basis functions used, n and m, are minimised. N is symmetric, so only
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half of it need be computed. Also the waveguide is symmetrical so its 
modes will be either symmetric or antisymmetric, allowing exclusively 
even or odd order x-direction basis functions to be used. Thus, n is 
halved, without loss of accuracy. The -program must be run twice to 
obtain all the modes, but the computer time is nevertheless cut by half.
The parameters n, Ç and y^ are optimised by adjusting these until
the lowest order matrix element, is at a maximum. That is, the
field is approximated by a single basis function in each direction 
2
(N = Ngggg = g ). Ths r6su1tinç parameter set is close to the optimum 
for rapid convergence of the series 5.2,3 and gives the best-fitting 
Gaussian function to the fundamental-mode field. Note that, with an 
infinite series (a complete orthogonal set), the field could be matched 
for any values of n, C and y^. The above procedure simply chooses a 
set which gives the most rapid convergence, thus allowing a small 
number of terms to be used with acceptable accuracy.
A 1-D version of WAVE (called SLAB) is also available to deal with 
slab waveguides by the same method.
Acknowledgements
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5.3 Behaviour of the Diffusion Equation Solution
a) The Diffused Slab
The computer program DIF will compute the diffusion profile of an 
ion-exchanged slab waveguide if both vertical (y-direction) boundaries 
use the reflecting boundary condition (•“  = 0) and the surface is a 
uniform silver ion source; the array containing the values of u need 
have only three columns.
A set of typical diffusion profiles is plotted (u vs. y) in Fig. 5.2
for six different values of the parameter a. These curves agree with
those given by Crank [(35) p. 175] for a 1-D diffusion, solving 4.4.3 
analytically. The curve for a =0 is the solution of a simple linear 
diffusion equation and follows the error-function complement.
It may be expected from the form of the inter-diffusion coefficient 
of 4.4.3,that as a tends towards unity the diffusion profile will tend 
towards an infinitely deep step-function. This is borne out by Fig.. 5.2, 
and also by the dispersion curves of Fig. 5.3, (calculated using the 
W.K.B. method) which increasingly resemble those of Fig. 2.3 (for a 
step index slab) as a is increased.
b) Depth Scaling
In the dispersion curves of Fig. 5.3 the depth ’d' is taken to be 
that of the u = 0.5 concentration level. Thus, these curves do not 
reflect the increasing depth as a increases which is clearly seen in 
Fig.‘5.2, but only the changing shape. This is equivalent to scaling 
the depth of each curve of Fig. 5.2 so that all intersect at u = 0.5. 
We consider this scaling.
<^•575
Profu
Fig. 5-3 Theoretical dispersion curves for 
ion-exchanged slab waveguides. 
[ IE . ]
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The normalised diffusion time t is;n
where is the equivalent number of large time steps (r^ ) used in the 
computation; r^ is the normalised time step:
D St
' • = i 7  '
Thus, —~  where t (= N St) is the
6y . a
real diffusion time.
If D is known and t is fixed by the computation, then the real a n
diffusion time represented by the computed profile may be varied by 
changing the depth scaling term, 6y; the shape of the profile is unaffec­
ted by t^. Alternatively, if the real diffusion time is known - as with 
a real waveguide - then may be found by using any known value of t^ 
and adjusting 6y until the computed n^ values match the measured values.
In general the depth 'd' of an ion-exchanged guide varies as the 
square root of diffusion time:
c) The Value of r
According to the above, a constant value of t^ with varying r^ and 
should always give the same results. However, in practice a change 
of r^ is found to change the results slightly - especially if a is high 
(a > 0.9).
For example, a stripe waveguide calculation, with a = 0.97, was 
performed for r^ = 0.075. The same calculation, with = 0.3 gave a
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somewhat different n value. With r_ - 0.5, the process was still
e 0
stable, though the profile seemed rather distorted, but with r^ = 0.7 
the profile was badly distorted.
When a is as low as 0,7, values of r^ which exceed unity may be 
used with safety? however it was usual in this work to use r^ = 0.6 with 
a = 0,7. It is good practice to keep r^ constant between computations 
whose results are to be compared.
d) Stripe Waveguide Diffusion Profiles
Fig. 5.4 shows the diffusion profiles of stripe, ion exchanged 
waveguides, plotted as contour maps of the x-y plane. The contours 
u = 0.1, 0.2, . . . 0.9 are plotted, the surface being fixed at u = 1.0.
The computation of Fig. 5.4 (a) uses, the reflecting boundary con­
dition, *1^  = 0 (see section 4.5) , which is considered to represent 
3y
accurately the electrically insulating diffusion mask. The computation 
of Pig. 5.4 (b) uses the boundary condition, u = 0 at y = 0, (see 
section 4.7) to represent the diffusion mask. This easily implemented 
boundary represents a sink for silver ions and is used to check the 
effect of a severe boundary perturbation.
In both cases, the array containing the values of u has 101 columns 
and 45 rows. The diffusion aperture width is 506x; a = 0.7 and t^ = 60.
A real waveguide with a diffusion aperture width of 2 microns, 
diffused for 20 minutes at 215°C would have the proportions of 5.4 (a).
(a)
(b)
U = *2 *4 *6 '8
U=0
Fig. 5 4 Computed stripe diffusion profiles
using: (a) the 'reflecting, ( b) the u=0
diffusion masks
initial diffusion 
[tim e tn]
tn post-bake
3tn post-bake
0 y
Fia. 5 5 Computed diffusion profiles for 
post-baked slab waveguides.
a=0*7
(a)
(b)
Fia. 5-6 The stripe diffusion of Fig.5 4(a) 
after a post-bake of: (a) tp
(b) 3tp
[ enlarged array, reduced scale ]
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e) Post-Diffusion Baking
The baking of a completed waveguide (discussed in section 3.6) is 
simulated by changing the source boundary condition (u = 1) to the reflect­
ing boundary condition •“  = 0 and continuing the computation. The3y
results of this process (which will, hereinafter, be referred to simply 
as "post-baking”) are illustrated in Fig. 5.5, for slab guides, and in 
Pig. 5.6, for stripe guides. The post-baking times are t^ and 3t^ with 
a - 0.7.
This distributed, limited source diffusion naturally results in a 
profile which tends towards a Gaussian in the slab case. In the stripe 
case, the concentration contours become more nearly semi-circular and the 
lateral diffusion is, initially, the more rapid.
5.4 Behaviour of the Wave Equation Solution
a) Convergence and Accuracy
Before the model can be used, it is essential to know how many terms 
are necessary for the series 5.2.4 to converge, with sufficient accuracy, 
to the true solution. Pig. 5.7 illustrates this, convergence, for the 
slab case, by plotting the computed n^ against the number of basis- 
functions used by the 1-D variational program (SLAB), The refractive- 
index profile (a = 0.65) has substrate and surface refractive incides 
of 1.5125 and 1.6035 respectively; the profile is scaled to give three 
slab modes.
1*575-
1*57 -
1-565-
1-55 -
1-525-
1- 52 -
1515 -
N° OF BASIS FUNCTIONS
10 126 U 16 18 20
Fig. 5-7 Graph of n^vs. number of basis 
functions, for slab waveguide
1 10 100
k,d
Slab waveguide dispersion curves,
comparing the W.K.B. method [-------]
with the Variational method [ X ] 
(n, =1-605; n,=1-5125)
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It will be noted that the fundamental mode converges for 10 or 13 
basis functions (depending on the required accuracy - 10 is usually 
considered sufficient), whereas the second and third modes require 15 and 
20 basis functions respectively. The basic shape of the field distribution 
for the nth mode is defined by the nth order basis function. It may be 
inferred, from the above, that the resemblance between this and the field 
distribution diminishes, as the mode order increases.
The variational method is compared with the W.K.B. method in Fig. 5.8. 
The variational solution (shown as points) uses 20 basis functions and 
the same profile (a = 0.8, t^ = 360) is used by both techniques. As can 
be seen, the agreement is excellent in general, but error in the fundamen­
tal mode increases towards cut-off. It is not known which method is in 
error here - perhaps both.
b) Convergence in Stripe Guides
In order to obtain several lateral modes, a fairly wide, deep guide 
was used to test the convergence of WAVE. The parameters are:
aperture width: 7,1 microns
diffusion time: t =72
n
a = 0,7
surface refractive index: n^  =.1.605
substrate refractive index: n =1.5125s
To test the effect of varying the number of x-direction basis functions, 
the number of y-direction functions was held at 10. The results are 
shown in Fig. 5.9.
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A useful result is that a single x-direction basis function is able 
to model the fundamental mode with considerable accuracy. Clearly the 
best-fitting gaussian, which optimisation of Ç provides, resembles the 
actual field amplitude function fairly closely (see Fig. 5.13). In 
general, however, the resemblance of the nth order mode to the nth order 
parabolic cylinder function decreases as n increases. To model the first 
6 modes (the maximum usually attempted in this work) 6 x-direction basis 
functions are necessary. To obtain the seventh mode, however, it is not 
clear that even 8 basis functions are sufficient. [Note that the 6th basis 
function here is (symmetric mode) or (antisymmetric mode)].
To test the effect of varying the number of y-direction basis 
functions, the number of x-direction functions was held at 6, the results 
being shown in Fig. 5.10.
Here, the lateral mode-spacing is almost invariant, revealing low 
coupling between the transverse resonances of the guide (see section 2.3), 
Most significant is the fact that only the parabolic cylinder functions 
Dq, D^, Dg, Dg, 0^2 etc. appear to contribute significantly to the 
solution. Thus we use only 7, 10 or 13 basis functions in the y-direction 
when working with ion-exchanged guides. This must be due to the peculiar 
asymmetry of the y-direction field (see Fig. 5.13) which places limits 
upon its'harmonic'content.
In general, the x-direction field, being either symmetric or anti­
symmetric as are the basis functions, is more easily modelled than the 
asymmetric y-direction field and requires fewer basis functions to ensure 
accuracy.
1.53 -
1.52 -
CUT-OFF
1.51
N°OF X-DIRECTION BASIS F^1*50
1 2 3 4 5 6 7 8
Fig. 5-9 Convergence of the variational solution 
[2-D] as the N? of x-direction basis 
functions is increased [lateral modes 3
153 H
1-52
CUT-OFF
N° OF Y-DIRECTION BASIS F*?
1 A 7 10 13
Fig. 5-10 As Fig. 5-9, but varying the N? 
of y-direction basis functions.
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c) Comparison of WAVE with Other Methods
WAVE has been compared with Goell's circular harmonic computer
a n a l y s i s f o r  rectangular waveguides. Goell gives his figures in
2
terms of a parameter P where:
if the guide is surrounded by air; n.^ is the core refractive index, 
The parameter B is 2.0, where:
and b is the guide depth.
Taking n^  = 1.01, we obtain b = 4.463 um for = 0.6328 ym.
The rectangular waveguide is approximated by an array, 81 rows deep 
whose elements are all of value n.^ . 9 y-direction and 5 x-direction basis
functions were used by WAVE. The results are compared with those taken 
from p. 2146 of (10) in the table below, for various guide aspect ratios, 
a/b, where a is the guide width.
a/b P^ (Goell)
2
P (WAVE)
1 0.715 0.718
2 0.807 0,810
3 0.823 0.834
4 0.815 0.843
Note that when = 0.715, n = 1.00716,
e
2As the width increases, P , as given by WAVE increases steadily 
towards the slab value as expected. Goell's figures do not behave so 
well however; the circular harmonic approach is only approximate and 
tends to break down when the aspect ratio is large.
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WAVE has also been used to compute the modes of trapezoidal, ridge
waveguides. This work, undertaken on behalf of C.S. Wilson, is reported
in (61). It was noticed that the modes of these waveguides behave
somewhat differently, as the number of basis functions is varied, from
those of diffused guides. In particular, the lateral mode separation
is not invariant with the number of y-direction functions, showing that
the two transverse resonances are coupled as suggested in chapter 2.3 .
Also more basis functions are needed to ensure accuracy. Nevertheless,
(54 )
agreement between WAVE and the finite-element method of Pelosi et al. 
for trapezoidal ridge-guides is very good.
5.5 Dispersion Characteristics of the Stripe Ion-Exchanged Waveguide
Fig. 5.11 shows the computed effective index, n^, of stripe ion- 
exchanged waveguides plotted against the diffusion aperture width. The 
slab effective index is 1.528 (n.^ = 1 .605, n^ = 1.5125) which corresponds 
to about 11 minutes diffusion at 215°C. There is only one slab mode.
Both of the simple boundary conditions (reflecting and u = 0) are used 
to model the diffusion mask, and compared with these is a dispersion 
characteristic calculated using the Effective Index method.
Clearly, the latter is inaccurate; increasingly so as the guides 
become narrower if the effective width is assumed to be that of the 
aperture. However Fig. 5,11 suggests that if an effective width, some 
0.5-0.6 ym smaller than the diffusion aperture width were used, the 
Effective Index method would be more satisfactory.
o&V-^
»'<®
0 8 «'°
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The solution for the u = 0 boundary condition [see Fig. 5.4 (b)] 
is included mainly to demonstrate the self-correcting nature of the ion- 
exchange process. Even such a severe boundary perturbation as this,results 
in only a small reduction in effective width of between 0.1 and 0.2 ym.
WAVE and DIF become rather clumsy to use at greater than 10 ym 
width due to the large aspect ratio of the guide cross-section. In 
particular, it becomes difficult to optimise Ç,ri and y^ for wide and for 
shallow guides; has such a broad, flat maximum in such cases, that
the program (whose accuracy is limited) cannot locate it.
The Field Amplitude Functions
The wave amplitude, ^(x,y) can be reconstructed from the eigen­
vectors . which WAVE computes. It may then be plotted either as a full 
contour map or as line plots, sampling the field amplitude, in either 
direction, through the point (0, Yq)«
Fig. 5.12 presents contour maps of the normalised field amplitudes
for the three lateral modes of a 20 minute, stripe diffusion. The
diffusion aperture width is 3 ym,and 10 y-direction and 6 x-direction
basis functions were used. The contours shown are for !e/E I = 0.1,' ' max'
0.2 . . . . 0.9 and the waveguide position is marked, in each case, by 
the n(x,y) = n^ contour, beyond which the field is evanescent.
Fig. 5.13 shows line-plots of the field amplitude for the above case: 
the x-direction variation for the first two lateral modes (at y = y^,
X > 0 and using 10 x-direction basis functions) and the y-direction 
variation for the fundamental mode (at x = 0 and using 20 y-direction 
basis functions). Compared with each (shown dashed) is the basic, 
shape-defining basis function, obtained by stipulating that only one 
basis function be used in each direction.
MODE n=0
rig= 1-5125
no=i-o
MODE n = 1
MODE n=2
Fig. 5-12 Field amplitude distributions of a 
stripe, ion-exchanged waveguide 
[ guide boundary at n(x,y)=ng contour]
MODE n=o
X0
MODE n=1
X0
f-
yy 0
Fia. 5 13 As Fig. 512, but line-plots of the 
field amplitude[ip(x,y)] in x and y 
directions.
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5.6 The Directional Coupler
To model a directional coupler, the whole of a waveguide diffusion 
profile is computed using DIF. WAVE, in reflecting this about the 
y-axis, interprets it as two waveguides side by side and solves it as 
a single, compound, guiding structure. The modes of such a structure 
have been considered in section 3.1.
The basic shape of the fundamental symmetric mode does not correspond 
to any single basis function, being, rather, a sum of and D^.
However, the basic shape of the first antisymmetric mode is clearly 
defined by D^. Hence, to optimise Ç, r\ and y^ for this computation, we 
maximise N^q^q (see section 5.2) rather than Nqqqq* This gives a rather 
larger value for Ç but leaves r\ and y^ unchanged.
The transfer length, L, is given by:
^0 ■
^ = T(E— r i T T  (See 3.1.4)
®s ®a
Since the small difference of two similar numbers is involved, the 
utmost accuracy is required. In practice, 12 x-direction basis functions 
(up to Dgg) are found to be necessary since the fields of the coupler 
are more unlike the basis functions than are those of an isolated wave­
guide.
Figs. 5.14 and 5.15 show the fields of a single-mode directional 
coupler - both contour maps and line plots. The parameters are:
n.j = 1,599 , n^ = 1.5125 , a = 0.7
n^ (slab) = 1.5253
diffusion aperture width = 2.08 microns
guide separation = 1.493 microns
n = 1.520800 ; n = 1.520699 %
Therefore, at = 0.6328 microns, L = 3.13 mm.
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C H A P T E R  6
EXPERIMENTAL METHODS AND EQUIPMENT
6.1 Fabrication of the Aluminium Diffusion Mask
Standard photolithographic techniques are used to form an aluminium 
diffusion mask on the surface of a glass substrate (a microscope slide). 
There are many possible variations on two basic procedures, but all rely 
upon the properties of photo-resist. This is a photo-sensitive lacquer 
which is deposited on the substrate from solution by spinning and then 
drying.
The positive resists.used in this work are degraded by short- 
wavelength light, the exposed regions becoming soluble in the alkaline 
developer solution. Thus, patterns of opaque and clear regions on an 
original shadow-mask may be transferred to the photo-resist film by 
contact printing. The resist film and shadow-mask are pressed face 
to face and illuminated through the mask. After developing, raised 
areas of resist corresponding to the opaque mask regions remain, the 
other areas being clear of resist.
The two basic procedures are as follows:
1) Chemical Etching
Photo-resist, deposited on top of the aluminium film, is exposed 
using a dark-field shadow-mask (i.e. the waveguide areas are clear) 
and developed. This clears away the resist, allowing the metal to be 
etched away where diffusion apertures are required.
2) Lift-Off
Photo-resist, deposited directly on the glass surface, is exposed 
using a light-field shadow-mask and developed to leave raised ridges of
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resist where diffusion apertures are required. The aluminium film is 
then deposited. It adheres strongly to the clean, clear glass but does 
not extend up the vertical sides of the resist ridge. The unwanted 
metal is removed along with the resist by dissolving the latter in 
acetone.
The second method was used almost exclusively in this work (see 
Fig. 6.1). It offers good edge quality and width definition: also the
areas to be ion-exchanged are protected from the developer solution 
and acid etches.
All fabrication procedures were carried out within a laminar air­
flow tunnel of class 100 clean-room standard. This is situated within 
a larger area of nominally class 1000 clean-room standard. Filtered 
mains water and de-ionised water are available on tap: high purity
(Analar grade) solvents were used, and disposable, vinyl gloves were 
worn at all times.
Further details of the fabrication procedure, follow.
(i) Substrates
These are "Fisher Brand" microscope slides, which have an improved 
(fire-finished) surface quality compared with other brands.
(ii) Cleaning
This is a critically important stage; every trace of grease and 
other surface dirt must be removed, otherwise the aluminium film will 
not adhere to the glass surface. Some friction is found to be necessary 
initially, to remove gross contamination; therefore the slides are 
rubbed vigorously with sponge, detergent and water. Subsequent treatments
7 9 .
include rinsing and ultrasonic cleaning in water, acetone, and iso- ' 
propyl alcohol, and a long soak (up to 24 hours) in trichloroethylene 
to dissolve grease.
An important step is a soak in a proprietary, surface-active agent, 
"Decon 90". This alkaline soap digests organic contaminants and also
possibly dissolves some glass from the surface. A weak, but hot, solution
(3% at 90°C) of "Decon 90" is poured on to the slides and left to cool 
for several hours, which treatment is found to greatly improve the 
adhesion of the aluminium film.
Finally, the slides are thoroughly rinsed with de-ionised water, 
distilled water and finally, methanol. This latter is used for its 
hygroscopic properties, moisture being found to inhibit adhesion of 
the photo-resist to the glass. The methanol (ultra-pure, "electronic" 
grade) is blown off the slide with a jet of dry nitrogen and the photo­
resist deposited immediately, before, any dust settles on the surface.
(iii) The Photo-Resist
The positive working resist, "Shipley AZ1350 J" is used undiluted. 
This provides the fairly thick film (1.8 ym) necessary for the lift-off 
method. Line widths, smaller than 1.5 microns can be resolved in this 
resist. A few drops of the liquid resist solution are passed through 
a 1 um filter on to the slide which is spun (on a vacuum chuck) at 
4000 r.p.m. for 20 seconds, then dried at 80®C for 30 minutes.
(ivj Exposure
The contact printer is crude but effective, consisting of a lamp, 
above which the shadow-mask and substrate are pressed into intimate 
contact by means of weights.
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Fig. 6 1 Stages in the fabrication of an 
aluminium diffusion mask.
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The shadow-mask is a glass plate, on which the pattern is defined 
in chromium. This is produced by photo-reduction of a large-scale 
art-work original, cut in "ruby-lith" film,
(v) Development
The usual developer solution is "Shipley AZ" diluted 1:1 with water. 
The minimum developing time is a function of temperature, exposure time 
and the condition of the developer (it is weakened by exposure to air). 
Since the developer also dissolves the unexposed regions slowly, over­
developing reduces the line widths but is also bound to degrade the 
waveguide quality by emphasising width fluctuations. An alternative 
developer, "Shipley MF312", attacks the unexposed regions much more 
quickly and was occasionally used to reduce line widths.
The developing is halted by rinsing the slide thoroughly with 
de-ionised water. It is then blown dry and baked at 80°C for 30 minutes 
to dry it completely.
(vi) Aluminium Deposition
This is done by evaporation of the high purity metal from an
-5electric heating filament under high vacuum (~ 3 x 10 Torr.). The
vacuum system is equipped with a rotary pump, for the initial rough
evacuation, and a liquid nitrogen cooled, oil diffusion pump. The
-5pressure may be reduced to 2 x 10 Torr. in about one hour's pumping. 
The film thickness is controlled visually, by observing the white- 
hot aluminium source (at constant current) through the slides and interr­
upting the deposition when the filament fades from view. This gives 
films of about 0.1 um thickness, as measured by a stylus instrument 
(G.V. Planar Ltd.). The thickness is not found to be a critical 
parameter.
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(vii) Lift-Off
The ultrasonic cleaner is used to shake off the surplus metal 
while the resist dissolves in acetone. The resist ridge is always 
slightly trapezoidal in cross-section and the aluminium is, therefore, 
occasionally continuous down its sides. This causes damage to the diffu­
sion aperture during lift-off if the metal to glass adhesion is inadequate 
through poor cleaning=
It is useful to have such faulty samples thus revealed, since silver 
nitrate usually leaks under the mask at regions of poor adhesion [see 
Fig. 6.5 (b)] even when the mask is apparently perfect.
This completes the aluminium diffusion mask. If it is found to be 
sufficiently defect-free for use, the mask dimensions must next be 
measured. The measurement techniques are considered in section 6.7.
6.2 Anodisation of the Aluminium Diffusion Mask
Having measured the aluminium diffusion mask, we may either use it 
directly or render it electrically insulating by the process of anodis­
ation, This is an electro-chemical oxidation of the aluminium which
is achieved by making it the anode of an electrolytic cell. The cathode 
may also be of aluminium and the electrolyte is dilute (20%) sulphuric 
acid.
When a voltage is applied between anode and cathode, sulphate ions
2-
(SO^ ) migrate to the anode and chemically combine with the aluminium to 
form a hard, strongly adherent oxide coating. With sulphuric acid
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anodisation (unlike that of certain other acids) this coating is porous, 
so oxide growth is not interrupted by isolation of the metal surface.
The process stops only when the glass surface is reached and all residual 
metal (if any) is isolated from the current source. The completely anod- 
ised film is transparent with a hint of grey (or blue) colouration.
The precise composition of the film is uncertain and depends upon 
the voltage, temperature and electrolyte concentration used. The porosity 
also depends upon these and tends to increase with temperature and con­
centration. However the composition is, approximately:
Al^O^ - 80%
[from (58) p. 301]
^2°3'^2° “ 0.5%
AI2 (304)3 - 19%
H^O - 0.5%
The details of the anodisation process are by no means perfectly
understood. Much space could be devoted to it. However we pause only
to note the following:
(i) The pores in the oxide do not extend to the metal surface.
O
There is a non-porous barrier layer, some 150 A thick, between the metal
surface and the porous oxide. It is not known which atom, aluminium or
oxygen, diffuses through this barrier to maintain the oxidation. The 
pores are formed by hydration and dissolution of the barrier layer by
O
the electrolyte and are about 100 A in diameter.
(ii) The oxide can be sealed in hot water or steam. This converts
some of the oxide to the mono-hydrate which, being less dense, swells 
and closes up the pores. This was tried, but was found to destroy the 
masking properties of the oxide film.
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The Method
The temperature, during anodisation, must be kept below 20*C if the 
oxide is not to dissolve as quickly as it forms. It must be arranged, at 
the time of exposure, for the aluminium to extend to one end of the slide 
where the positive electrode is connected. The slide is immersed in 
the electrolyte as shown in Fig. 6.2.
It is found that the oxidation rate decays with distance from the 
electrode, with the result that the metal at the surface of the electro­
lyte anodises completely, cutting off the current while the lower regions 
are still metallic. For this reason, the current path must be protected 
by a film of photo-resist covering the entire slide except for a small 
"window" (opened by photolithography) where anodisation is required; this 
should be well below the surface.
It is advantageous for there to be a complete frame of protected 
metal surrounding the window, to ensure that no part of the area to be 
anodised is further from the effective current source than need be. Also, 
the pattern should be designed (or modified) to allow maximum current 
access to all regions of the mask.
The resulting oxide film will be quite even; this is further improved, 
however, if the electrolyte is very cold, thus increasing the metal 
conductance and reducing that of the electrolyte. A temperature of -13®C 
is used in practice; largely for convenience, the acid solution being 
kept permanently in a freezing cabinet.
It is important that the film anodise uniformly; otherwise some
regions may be left with large amounts of residual metal, resulting in
an electrical resistance which is insufficiently high. Good results
2
with areas as large as 3 cm have been achieved by the above techniques.
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Fig. 6-2 Arrangement for the anodisation of 
an aluminium diffusion mask.
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Fig. 6.3 shows anode current plotted against time for a typical 
anodisation with a constant voltage of 15V. The film is found to retain 
its metallic appearance up to the beginning of the final current drop (A), 
after which the continuity of the metal is rapidly lost. Latterly, the 
initial current spike was avoided by increasing the voltage gradually 
from zero.
Substrate cleanliness seems to be more critically important if the 
mask is to be anodised. A poorly adherent metal film may keep out the 
silver nitrate by virtue of its intrinsic cohesion; not so the anodised 
mask; it may even lose pieces during the anodisation. The use of hot 
"Decon 90" was introduced into the cleaning procedure to deal with this 
problem, and proved to be very successful; a good anodised mask can match 
a metallic mask at excluding the silver nitrate. Also, as will be seen 
(Chapter 8), it produces far superior waveguides. The natural porosity 
of the anodic coating need not cause any problems in this respect 
provided that the thin, non-porous, barrier layer is intact.
Clearly, a ring-resonator pattern could not be properly anodised, 
as the centre of the ring is isolated. This may not cause too great a 
problem, however (see Chapter 8 again). Alternatively, the fabrication 
technique outlined in Appendix 5 could be used; this has been tried and 
found to work, but has not been used extensively.
Another solution to this problem is to initially anodise a continu­
ous film and then use the chemical etching technique (outlined earlier) 
to open the diffusion apertures.
After anodisation (or measurement, with metallic masks), the slides 
must be thoroughly cleaned, rinsed and dried. They are then ready to 
be diffused.
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6.3 Diffusion
The diffusion equipment is similar to that described by Millar and
(45 )
Hutchins and consists of a 5 cm diameter, horizontal tube furnace 
containing a semi-cylindrical bath of silver nitrate.
The microscope slide is supported by a cradle attached to a control- 
rod which passes through the tube furnace above, and to one side of, the 
silver nitrate bath. This horizontal arrangement (see Fig. 6.4) is 
designed to minimise temperature gradients. The control-rod may be moved 
through the furnace, to position the slide above the bath, and rotated, 
to immerse the slide for about two-thirds of its width.
The slide must be pre-heated prior to immersion; otherwise the silver 
nitrate freezes on to its surface, taking possibly twelve minutes to 
re-melt. Formerly, this was done by leaving the slide above the bath 
for from 10 to 15 minutes, but latterly, by pre-heating on a hot plate 
(hotter than the furnace) for 30 seconds before loading the slide into 
the furnace as quickly as possible. It is then left above the melt for 
about 2 minutes before immersing. The latter method saves time and is 
found (unlike the first method) not to disturb the temperature equilib­
rium within the furnace unduly.
The temperature control equipment is less elaborate than that des­
cribed in (45). The control thermocouple (Iron-Constanton) which is 
placed in good thermal contact with the furnace-tube wall, is led 
directly to a 3-term controller (Control and Readout Ltd.). This has 
internal ambient compensation but may be set only in 1°C steps; however 
the zero-adjust potentiometer may be used to obtain continuous adjustment 
of the temperature setting.
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The measurement thermocouple is in intimate contact with the molten 
silver nitrate. This is led to a cold-junction at ice-point and thence 
to a standard-cell potentiometer. It is possible, with this system, to 
measure the temperature to one-tenth of a degree centigrade, but difficult 
to control it to that accuracy.
The best material for construction of the bath is a matter of 
uncertainty: fused silica and pyrex were both found to break .if the
silver nitrate freezes. Stainless steel was used for some time: the
bath was machined from a solid piece of steel as the silver nitrate was 
found to corrode welds fairly rapidly. However, even this corroded 
slowly and polluted the melt. At present, a bath of high purity alumin­
ium (99,99%), solid-machined and anodised (section 6.2), is used. This 
keeps the melt fairly clean, but the anodic coating must be renewed 
periodically.
Silver nitrate is a powerful oxidising agent; it is very unstable 
when molten and tends to decompose spontaneously, aided by light and 
moisture. For this reason it is kept frozen when not in use - but 
sufficiently hot to prevent hygroscopic activity.
Completing the Waveguides
After diffusion the frozen silver nitrate is rinsed from the slides 
and the masks are removed using an etch which consists largely of ortho- 
phosphoric acid with 2% nitric acid and a little water. The anodised 
mask etches very much more slowly than the metal, so the etch is warmed 
(to about 40°C) in that case. Small areas of the mask material are 
usually retained to mark the waveguide ends.
(a)
a
(b)
Fig. 6.5 Phase-contrast photo-micrographs of 
ion-exchanged waveguides
(b) shows the result of poor mask adhesion.
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The finished waveguides can be seen with the aid of a transmission, 
phase-contact microscope. This shows up refractive-index gradients as 
light, dark or coloured bands thus giving these buried guides the appear­
ance of raised ridges.
Fig. 6.5 shows such phase-contrast micrographs. The pattern is 
that of an early (and abortive) attempt to make a ring-resonator. (It 
is now known that the rings were too small, and the coupling inadequate.) 
The diffusion aperture width, in this case, is 5 ym and the long diffusion 
time (2 hours) serves to show up the guides very clearly. The second 
photograph shows the leakage of silver nitrate which can occur if the 
aluminium adhesion is poor. These masks were not anodised.
6.4 The Post-Baking of Waveguides
If the baking process is to be accurately controlled and simulated, 
as outlined in section 5.3, the effective post-baking time must be known. 
This requires that the slide be brought up to the baking temperature 
very quickly, i.e. within 30 seconds. Two methods were considered;
(i) A block of metal within a furnace, slotted to accept the slide,
(ii) Immersion of the slide in a stirred bath of hot fluid.
It was decided that the latter alternative was the more acceptable. 
The fluid used is "Dow Corning 550" silicone fluid. This high 
temperature oil is suitable for use at up to 230°C and has good heat 
transfer characteristics. The apparatus - illustrated in Fig. 6.6 - uses
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a pyrex, 1 litre beaker, a 1 KW, coil immersion heater and a belt-driven 
propeller stirrer. The temperature control arrangement is the same as 
that used for the diffusion furnace. To make modelling simpler, the 
initial diffusion temperature is used, and only post-baking times which 
are integer multiples of the initial diffusion time are considered. If 
this multiple is kept constant, the final profile shape is, in theory, 
independent of the actual diffusion times involved. The stirring mechan­
ism is not sufficiently robust to be left for long periods, so post-baking 
times of greater than one hour were not normally contemplated.
One effect of the use of silicone oil is that the glass surface 
becomes strongly hydrophobic. The oil itself dissolves readily in acetone 
but nothing seems able to restore the original wetting properties of 
the surface. Holland [(41) p. 335] comments on such chemisorbed silicone 
layers, noting that clean glass surfaces within a vacuum system which 
uses an oil diffusion pump (water cooled) become strongly water repellent. 
This silicone film is unlikely to be more than 30 molecules thick and 
similar films (see Holland p. 385) can be reduced to a mono-layer by 
rubbing. Thus, it will not affect the waveguiding properties.
A more serious effect is that, during post-baking, all the exchanged 
regions develop a yellow coating which is almost certainly an oxide (or 
other compound) of silver. The depth of colour of this coating increases 
with the diffusion/post-bake time and is dependent upon surface concen­
tration; the second, and subsequent, post-bakes always cause much less 
yellowing than the first.
This coating causes no practical problems (e.g. increased loss) 
since it can be removed by wiping with a cloth or sponge. However, 
silver is clearly being lost from the system and this raises doubts as 
to the accuracy of the mathematical model.
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Similar brown coatings are developed by non post-baked guides 
during storage in dark, but atmospherically normal conditions. This 
also can be wiped off and indicates a high surface concentration of 
silver. Post-baking tends to obviate this problem.
6.5 Measurement of the Waveguide Modes
(34)The waveguide modes are excited by means of a prism coupler [see 
Pig. 6.7 (a)] which works on the same principle as the directional coupler 
(section 3.1).
The prism is clamped to the slide by.means of a small G-clamp with 
a round-ended screw. This forces the waveguide surface into close prox­
imity with the prism base over a small, approximately circular region 
which may be called the "coupling spot".
The input beam - usually from a He-Ne laser - is refracted by the 
sloping prism face and is incident on the prism base with an angle 0.
The prism base and the guide surface are always separated by a thin layer 
of air, therefore, in general, if Q is sufficiently large, the input 
beam will be totally reflected from the prism base. (This emerges from 
the prism and may be cast on to a screen. The observed image will be 
called the "reflected spot".) Associated with this total reflection is 
an evanescent field impinging on, and propagating parallel to, the wave­
guide surface? its propagation constant, 3^, is:
Gp = ko"pSi" ®
90.
where n is the prism refractive index.
P
This cannot be part of. a guided field unless 6^ coincides with 3 for one 
of the modes of the prism/waveguide coupled system, in which case:
3 = 3 and ,n = n sin 0
P e p
i.e. the guide and the beam are phase-matched. This gives the waveguide
effective index if the coupling is small.
When this condition is satisfied by the angle 0, total reflection is 
frustrated and energy flows from the beam into the waveguide. If the 
input beam is not parallel but has some angular spread, then only a part 
of the input energy will be absorbed? thus, with slab waveguides under 
certain conditions, a dark absorption line can be seen passing through 
the reflected spot and moving across it as 0 is varied. When this line 
passes through the centre of the spot, it may be assumed that 3^ = 3, 
since the measured value of 0 is that of the beam centre.
With narrow, stripe waveguides this absorption is too small to be
seen and a different phenomenon must be used to identify phase-matching.
Of the light which passes into the waveguide, some immediately 
couples back out. This light has a lateral intensity variation appropriate 
to the mode launched and diffracts rapidly because of its own limited, 
lateral extent. It thus assumes the form of a long, narrow line, through 
the reflected spot, which is divided into lobes according to the lateral 
mode order. This is called the "input m-line"? its intensity passes 
through a maximum as 0 passes the phase-matched condition, which may be 
thus identified. An input m-line can often be seen with slab guides 
also, but this requires a. coupling spot small enough to diffract the 
light. Slab m-lines are never lobed.
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Fig. 6 7  The Prism Coupler
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(b)and (c) top view; arrangement (b) excludes 
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Because of this out-coupling, the efficiency of the prism coupler
is limited to about 80%, with rather less than this being practically 
(34 )achievable. The energy in the guide may be maximised by positioning
the input beam near the right-angled corner of the prism so that the 
coupling is interrupted at a suitable point.
Light may be extracted from the.waveguide by means of a second 
prism further along [see Fig. 6,7 (a)]. This coupling is one-way and 
the efficiency is limited only by the size of the coupling spot. The 
out-coupled light takes the form of output m-lines, identical to the 
input m-lines but "cleaner"; i.e. lacking the scattered and reflected 
light from the input beam. They emerge at the same angle as the input 
beam enters; thus, either input or output conditions may be used to 
identify the coupling angles and hence, the effective indices (n^ ) for 
each mode.
From Snell's Law and the prism geometry:
sin 0.-1
0 = 0  + sin
^ (6.5.1)
and n = n sin 0 
e P
where 0  ^ is the incident angle of the external beam to the sloping 
face of the prism,, and 0^ is the prism angle.
Strong coupling tends to reduce the angular selectivity of the wave­
guide by damping the transverse resonance: it also changes n^ alightly.
Thus, with both methods, the coupling should be minimised for the sake 
of accuracy.
In this work, the input m-lines were used exclusively, for measure­
ment purposes. The reasons are as follows:
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1) Measurement of the output coupling angles requires extra equip­
ment and difficult alignment.
2) A bright output m-line spectrum requires a large guided power 
density. This is much more difficult to achieve than a bright input 
m-line.
3) Using the input method, any mode which can be excited can be 
measured. This includes leaky modes which are somewhat below cut-off. 
The output m-line spectrum reveals only those modes which propagate as 
far as the output prism which, in a lossy guide, may exclude high order 
modes. Only the input m-line method may be used with short or damaged 
waveguides.
The two methods were compared for slab waveguide modes and were 
found to be in good agreement as regards the values of n^. Only the
input m-line method will be considered in detail.
The Stripe Antisymmetric Modes
Equation 6.5.1 assumes that the stripe waveguide, the input beam 
and the prism-face normal all lie in the same y-z plane [see Fig. 6.7 (b)] 
However, only the even-order ( n = 0 , 2 , 4 . . . . )  lateral modes may 
be excited in this way. The antisymmetric (odd-order) modes require 
some phase-shift across the guide, which can be supplied by rotating 
the guide about the y-axis, with respect to the input beam [see Fig, 6,7 
(c)] .
The formula 6.5.1 may be generalised to include this skew-angle,
0 :
s
n = n sin 0.cos 0 e p s
where 0 is given by 6.5.1 (a).
(a)
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(b)
n=1 n=2
Fig. 6 .8  Input m-lines. (n is the lateral mode order)
(a) Zero skew-angle
(b) Non-zero skew-angle
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Fig. 6 .9  Output m-lines of three ion-exchanged
waveguides which support the stated 
numbers of modes.
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In general, if the reflected spot coincides with a zero of the m-line 
pattern then the mode cannot be excited.
Fig. 6.8 (a) shows photographs of input m-lines for the four symmet­
ric modes of an 8 urn wide waveguide. In each case the reflected spot 
(blanked out) masks the central maximum of the pattern. Pig. 6.8 (b) 
shows the first antisymmetric mode (n = 1) and also the mode n = 2 with 
a skew angle to reveal the central maximum.
Fig. 6.9 shows output m-line spectra for stripe guides which support 
one, two and four modes. In this case, light was launched into the 
stripes, via a tapered section, from a slab region, so all the modes are 
excited simultaneously. As with direct excitation, some asymmetry in 
the launching conditions helps to excite the odd-order modes.
6.6 The Optical-Bench Arrangement
The slide is mounted in a jig, providing several degrees of freedom. 
Translation in three dimensions is available, as is rotation about each 
of the X, y and z axes. The slide is positioned with the x-axis (defined 
in Chapter 2) vertical; however, the coordinate system need not be 
re-defined on this account.
The azimuthal rotation (about the vertical x-axis) is the most 
important, since it is this which is used to locate and measure the 
coupling angles. Positioning and measurement to 0.01* is possible by 
means of a digital, angular read-out device (Microcontrol Ltd., France).
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A linearly polarised helium-neon laser = 0.6328 pm) with a 
nominal, maximum output power of 5 mW, is used to excite the waveguides. 
Only T.E. (E vertical) polarisation is considered.
The optical lay-out used, (Fig. 6.10) offers a compromise to 
several conflicting requirements. In order to efficiently excite narrow 
stripe waveguides, several of which may be close together, a fairly 
small beam diameter is required. The long path between laser and lens 
allows any given lens to produce a smaller focal spot than would a short 
path. Also, the long path makes possible an accurate measurement of the 
angle between the input beam and the normal to a reflective surface. The 
zero angle is that for which the reflected beam is colinear with the 
input beam, as defined by an aperture through which it passes. The 
coupling angles and the prism angles 0^ (and also n^) were measured in 
this way.
For mode measurements, the beam should not be too tightly focussed 
since the beam convergence adds to the uncertainty in the coupling angle. 
The use of a lens with a focal length of 0.5 m, placed 2 m from the laser
and 65 cm from the prism is found to provide a suitable compromise.
This gives a spot diameter of 150 ym [according to gaussian beam theory - 
see for example (3) Chapter 6] as compared with 680 ym at the laser. The 
aperture, for location of the zero input angle, may be placed after this
lens (as is desirable); a distance of 65 cm is found to be adequate to
give this zero-setting to an accuracy of ± 0.01°.
It is essential that the input beam remain at the same point on
the prism base as the angle 0^ is varied. For this to be possible, the
beam must pass through the centre of rotation. Thus, alignment of the
system is rather critical.
1-25m
He-Ne
LASER
SAMPLE
JIG
LENS
APERTURE
SCREEN
2-Um
Fig . 6-10 Optical bench layout
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Summary of the Measurement Method
1) Slab Waveguides
Coupling may be adjusted by means of both the prism-clamp screw and 
the Z-translation carriage (by moving the coupling spot away from the 
beam). The dark absorption line is located, and the coupling is reduced 
to the minimum for which it can still be clearly seen. The angular read­
out device is then zeroed at the angle for which the reflected beam is 
colinear with the input beam; the angle for which the absorption line 
passes through the centre of the emerging beam is then noted.
2) Stripe Waveguides
As above, but the m-line is used instead of an absorption line. 
Minimum coupling is used and the angle of maximum m-line intensity is 
noted, taking the median of several attempts to locate it. The zero 
skew-angle is found by adjusting this until no odd-order modes can be 
excited. This angle may be very small, in which case great accuracy is 
not required.
The total; measurement accuracy is estimated at i 0.025°.
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6.7 Measurement of Diffusion Aperture Widths
It is common practice to use an optical microscope, equipped with 
either a filar (cross-wire) or an image-shearing eyepiece, to measure 
sub-millimeter line-widths. The weaknesses of such methods are discussed 
in reference (57) ; they are as follows.
(i) The object itself is not measured, but only its optical image. 
If reflected light is used, a diffusion aperture is a dark band against 
a bright background;.if transmitted light, it is a bright band against 
a dark background. Because of diffraction effects, the widths of these 
images (assuming perfect focus) differ by about 0.3 pm for a 5 pm line.
(ii) The eye-pieces used are calibrated against a standard graticule 
However, the centre-to-centre spacing of graticule markers 1 vim apart 
bears little relation to the image width of a 1 uni wide diffusion 
aperture.
(iii) The image width is critically dependent upon the focus setting, 
the judgement of which is unreliable. Uncertainty of edge location and 
aberrations of the optical system itself also add to the error.
Single Slit Diffraction
Measurements made using an image-shearing eye-piece were found to be 
so unreliable that an alternative was sought in single slit diffraction. 
Since the aluminium diffusion mask for a straight, stripe waveguide is 
an almost ideal diffraction slit, its width may be deduced from the 
far-field (Fraunhofer) diffraction pattern. The wavelength of He-Ne 
laser light is accurately known and may, therefore, be used as the 
reference length.
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When a slit of width,a, is illuminated by a plane, monochromatic 
light wave, the intensity of the far-field diffraction pattern on a planar 
screen, (at distance, d , from the slit) varies as;
2
• [ ^ ]  “
where a = ~  sin 0
0 is the angle between the centre line and the observed point 
at (d,x). Thus , Tan 0 = ~  .
The derivation of this can be found in any basic physics text [e.g. (62)] 
The nth intensity minimum occurs for a = nir, thus, having found 0 
for the nth minimum, q may be calculated.
a = (n a 1, 2, 3 . . . ) (6.7.1)
The Practical Arrangement
The equipment is basically the same as that used for measuring the 
waveguide modes (section 6.6).
A long focal-length lens provides a beam neck of several hundred 
microns diameter at the specimen; thus the beam divergence should not 
affect the measurement significantly. The screen, which may slide on a 
length of optical bench, is coloured red but is calibrated vertically (x) 
in white. Low level, blue,ambient light illuminates the scale, but is 
not reflected by the red screen which remains dark. Thus the red 
(X = 632.8 nm) diffraction pattern and the centimeter scale can both be 
seen clearly, without interference.
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The screen is moved until the chosen intensity zero coincides with 
a suitable scale marking; x and 1 may then be measured, allowing tan 0 , 
and hence, a , to be calculated.
Accuracy
The method is highly self-consistent; the same width may be measured 
many times using the same, or different diffraction minima without 
varying by more than ± 0.04 pm. A more serious source of error is 
the actual width fluctuations of the aperture. With apertures made very 
narrow (< 2 pm) by overdeveloping, the pattern has minima rather than 
zeros and the measurement is an average over a length equal to the 
spot diameter.
Double Slit Interference
When the device to be made is a directional coupler, the diffusion 
mask is a double slit, with slit width,a , centre-to-centre spacing, b, 
and inner edge separation, c. The intensity variation is given by 
the product of a diffraction function and an interference function.
sin ai2I . (6) (6.7.2)
ïïb
where 6 = sin 0
Thus, for the mth interference minimum:
b = (m = 0, 1, 2 . . . ) (6.7.3)
a is given by 5.7.1.
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The main difficulty with this measurement, is identification of 
the distinct diffraction and interference minima. For the dimensions 
of interest in this work, b is rather less than 2a , so the minima for 
m = 1 and n = 1 almost coincide, b may be obtained accurately using 
the first minimum, (m - 0) from which the precise position of the inter­
ference minimum m = 1, may be inferred; it will be at one side of the 
broad minimum which results from the near coincidence,. This enables 
the position of the first diffraction minimum (n = 1) to be estimated 
(at the other side of the broad minimum) with little error.
Fig. 6.11 is a computer graph of the diffraction pattern for 
typical coupler dimensions, using 6.7.2. This small program was 
written to aid interpretation of the observed patterns.
sine
Fia. 6-11 Intensity variation, I (sin9) for
single-slit[-------- ] and
double-slit diffraction [------- ]
A=633nnri; a=2 2 pm; b= 3 9 pm
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6.8 The Prism Angle and Refractive Index, and the Substrate Refractive 
Index
The Coupling prisms are cut from "Schott SP-15" glass which has a 
refractive index of 1.69425 i 0.0002 at a wavelength of 632.8 nm. The 
prism angles, which are about 60°, were measured to the nearest 0.01°, 
as suggested in section 6.6 , by locating the normals to each face.
The refractive index was also measured by finding the critical angle 
for total reflection from the glass to air interface. This gave a value 
of 1.6936 ± 0.0002 with respect to air, or 1.6941 with respect to a 
vacuum. This is well within the quoted tolerance, so the value
n = 1.6936 is used.
P
The substrates used are "Fisher-Btand" microscope slides whose 
approximate composition is given in Appendix 2. Their refractive index 
has been measured using an abbeT refractometer (newly calibrated) and by 
measuring the cut-off angle in waveguides. When n^ = n^ substrate modes 
appear; these are easily identified, but there is, inevitably, some 
spread in the critical angle.
n^ is found to vary from slide to slide, but it usually lies 
between 1.512 and 1.513. In this work, n^ is taken to be 1.5125.
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C H A P T E R
ION EXCHANGED SLAB WAVEGUIDES
Before the mathematical model can be used to full effect it is 
essential to determine the parameters of the diffusion process: the
peak (surface) refractive index, n.j, the self diffusion coefficient of 
silver ions in glass, D , and the diffusion non-linearity constant a 
(a = 1 - D^/D^ where D^ is the self diffusion coefficient of sodium).
This is done by adjusting these until the best fit between measured and 
computed values of n^ is found.
This matching procedure is most conveniently carried out using slab 
waveguides, since the distribution of the slab modes gives the best indi­
cation of the profile shape as determined by a. As has been shown 
(section 5.4) SLAB can compute only the 3 lowest order slab modes accurately, 
unless more than 20 basis functions are used (which is impractical).
Thus, it is necessary (and more convenient) to use the W.K.B. method.
7.1 Parameter Values Given by the Literature
The melting point of pure silver nitrate is at about 210°C, In 
order to avoid problems of colloidal silver formation (yellowing of the 
glass), which is sometimes caused by exchanging at high temperatures, 
and to obtain sufficient control over the diffusion depth at very short 
diffusion times (single-mode guides are required) the comparatively low 
temperature of 215°C was used throughout the work. However, in all the 
literature in which parameter values are suggested, much higher tempera­
tures - greater than 300°C are used.
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D o r e m u s , u s i n g  a radio-active tracing technique, obtains the
following self diffusion coefficients:
sodium ; = 1.02 x 10 m^/sec
silver ; D ^ = 8 . 5  x 10 m^/sec
at 374°C
Therefore a = 0.9167 at 374°C.
Unfortunately, this value cannot be used in the present work due to the 
temperature difference. In another reference [(40) p. 36] Doremus states:
"There are very few data on the variation of the mobility ratio 
with temperature. The mobility ratio, of sodium to silver ions
in a soda-lime glass decreases appreciably from 375°C to 320°C.........
These results all imply that the slower ion . . . .  has a smaller activ­
ation energy than the faster ion."
If the ratio decreases as temperature decreases, then it
D a
follows that, at 215°C, a will be somewhat less than 0.9167.
(44 )Stewart et al. consider the problem of the diffusion profile
in some detail, though again rather high temperatures are used through­
out (> 280°C). Using a mode-matching technique, a parabolic curve is
found to provide a good fit to the measured mode spectra. The 1-D dif­
fusion equation may be solved as an infinite power series. When the 
first three terms of this are compared with the best-fitting parabolic 
profile, a value of a = 0.56 is obtained. As shown in Fig. 8 of (44), 
this value gives a theoretical profile which matches the parabolic profile 
only over its upper half (u > 0.5). The implication is that the real 
profile has a considerably attenuated "tail" region (i.e. that part of the 
profile where u — > 0 assymptotically) compared with the theoretical 
model. Also, it suggests that there may be no value of a for which the 
computed profile exactly matches the experimental data.
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The surface refractive index (n^ ) is found, by Stewart et al.', to 
lie between 1.6 and 1.605 for Chance-Pilkington microscope slides. In 
this work, Fisher-Brand slides were used for their superior surface 
quality; thus, n,j may differ somewhat from that quoted in (44) .
The value of the diffusion coefficient, D^,at 215°C,may be calculated 
from that given by Doremus using the Arrhenius equation:
= Dg exp(- AH/RT)
where is a constant which includes the entropy term: 
exp ( AS/R).
AH is the Activation Energy 
R is the universal gas constant 
T is the absolute temperature.
(44) 4Stewart obtains a value for AH of 8.5 x 10 J/mole. Assuming
-15 2
that, at 374°C, D = 8.5 x 10 m /sec, then at 215°C:
D q = 6.02 X 10  ^ and = 4.83 x 10 ^^  m^/sec
(50 ) A
Doremus uses a value for AH of 20 Kcal/mole (- 8.37 x 10' J/mole).
In this case, at 215°C:
D_ = 4.73 X 10  ^ and D = 5.23 x 10 m^/sec.
0 a
Unlike n.^ and a, D^ is rarely used explicitly in this work; it is
more convenient to work in terms of the normalised diffusion time (t^ )
and the depth scaling factor (Gy) which, together with the real diffusion
time, define D .
a
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7.2 The Parameter Optimisation
There are several ways of presenting a comparison between measured 
and computed modes of slab waveguides. Among these are the following: 
Method (i). The measured values of n^ may be plotted against 
diffusion time and compared with a computed dispersion characteristic; 
this assumes that diffusion depth varies as the square-root of diffusion 
time. The W.K.B. method is used.
Method (ii). The method of S t e w a r t , w h i c h  is to plot the W.K.B. 
integral against the effective index for both the measured modes and 
the computed profile. The W.K.B, dispersion equation is:
■0 I Vh^(y) - n^ dy = mïï + j  - “  (7.2.1)
0
where is given by 2,1.9.
The right-hand side of 7.2,1 is calculated using the measured n^ values 
and the left-hand side, using the computed trial profile; if- all the 
parameters are correct, these curves should coincide. When n^ = n.j 
the integral is zero-valued, therefore, the curve intersects the n^ axis 
at n^.
With both of the above methods, the profile scaling is chosen to 
match the computed curve to the experimental curve at one suitable datum 
point. This is done automatically by the computer programs which were 
written to expedite the work; thus the value of normally remains 
implicit. The computed and experimental curves, therefore, always inter­
sect at the matching point. The slope and curvature may then be adjusted 
to match two other points by varying n.^ and a.
Method (ii) is only useful when multimode slab guides are available 
but allows a rapid assessment of the profile shape to be made. Method (i) 
also allows single-mode slab data to be utilised to give the curvature 
of the dispersion curve. Both methods of presenting the results are used.
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Results
Multimode slabs were diffused (at 215°C t. 0.2°C) for 1.75 hours 
(2 modes), 4 hours (4 modes), 12.5 hours (6 modes) and 24 hours, 21 minutes 
(9 modes).
The n^ values for single-mode slab guides are taken from the best- 
fitting curve through many experimental points whose scatter, below 
12 minutes diffusion time, is considerable. The raw data for this is 
shown in Fig. 7.1. This scatter may, possibly, be attributed to slight 
temperature differences (the samples were not all diffused on the same 
day)r to uncertain pre-heating of the slide, or to fluctuations in the 
composition of the surface layer of glass.
The three most highly moded slab guides are subjected to the analysis 
of method (ii) in Figs. 7.2-7.5 for a = 0.6, 0.7, 0.8 and 0.9. The 
results of method (i) are shown in Figs. 7.6-7.8 for a = 0.6, 0.7 and 
0.8.
7.3 Analysis of Results
We consider first the data according to method (ii) , as presented 
in Figs. 7.2-7.5; this reveals the basic properties of the profile shape. 
The following points are noted.
(i) An extrapolation of the experimental curve to the n^-axis 
gives the physical value of n^. We obtain this value by using the com­
puted curve to perform the extrapolation, for which it must be matched 
to the three lowest order measured modes. As can be seen, this requires 
a low value of a, 0.6 or less, and gives a different value of n^  for 
each guide. The standard deviation of these three n^  values increases 
with a, confirming that the values become unrealistic for high a.
1 0 6 .
However, Pigs. 7.6-7.9 suggest that the 6-moded guide really has a 
slightly lower surface index than the other two. The value of n^  is 
about 1.599. Note that this value of a is not necessarily the true one.
(ii) It is possible to match theory to experiment almost exactly, 
for modes whose n^ is greater than about 1.55. Since the W.K.B. integral 
involves ônly that part of the profile for which n(y) > n^, it follows 
that the upper halves [n(y) > 1.55] of the real profile and the computed 
profile, for a = 0.6, are the same shape. This is in accord with the 
findings of Stewart.
The lower-half of the profile, on the other hand, cannot be matched 
by any value of a. The curve through the experimental points is nearly 
linear (for n^ < 1.565) and its curvature reverses sign; the computed 
curve, on the other hand, has a considerable unidirectional curvature.
The computed integral is too large; increasingly so as n^ falls, 
the implication being that the tail of the profile [n(y) < 1.55] is too 
extensive. The experimental profile, n(y), seems to fall almost linearly 
towards the substrate value, n^. This also is in accord with the find­
ings of S t e w a r t . L a r g e  values of a (> 0,9), which deepen the upper 
half of the profile, dwarfing the tail by contrast, improve the average 
fit, as may be expected. However the shape of the curve is totally 
wrong, and unphysical values of n^  are required to obtain a good match.
These observations are supplemented by a consideration of the data 
presented according to method (i) (Figs. 7.6-7.8).
In each case the fundamental-mode curves are matched at 105 minutes 
diffusion time; n^  is then adjusted to match the fundamentals at 
1461 minutes also. Since we are concerned as much with the time variation 
as with the mode distribution in this case, some compromise in the latter
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must be accepted. There may be errors in the effective diffusion times,
as the furnace temperature is prone to slight drift during long (e.g.
24 hour) diffusions. Thus, the chosen values of n^  differ slightly from
those of method (ii).
As can be seen, the graph for a = 0.7 and n^  = 1.5985 provides an
almost exact fit to the experimental data for the fundamental mode, the
curves for a = 0.6 and a = 0.8 showing too little, and too much curvature
respectively. Fig. 7.7 (a = 0.7) also seems to show the best average fit
for the other two or three lowest order modes.
The question arises as to why the fundamental mode can be accurately
matched right down to cut-off when the higher order modes cannot; the
measured modes falling below the theoretical for small values of n - n .
e s
To answer this we consider Fig. 7.7 in which the divergent areas of the
experimental curves are shown (approximately) dotted. When the mth
experimental mode is at cut-off, the mth theoretical mode (for the same
diffusion time) has an effective index, n"^  (say). There is more than a
e
suggestion that n^ increases as m (and hence, diffusion time) increases;
especially between m = 1 and m = 3. Thus, it is possible that n^ is
close to n , and the fundamental mode can be matched almost down to s
cut-off. W.K.B. theory, considering two fixed profile shapes, cannot
account for this behaviour and predicts a constant n^. This raises the
possibility that the profile shape is changing with time, and starts to
lose its "tail" at perhaps 15-20 minutes diffusion time. Only the
fundamental-mode, experimental dispersion curve shows any sign of the
inflection point, that all the computed curves exhibit.
From this évidence, it is concluded that suitable computational
parameters would be:
a = 0.7
n^ = 1.599
= 1.02 X 10 ^^  m^/sec
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D is calculated as described in section 5.3. This exact value 
a
will probably not be used in practice. Because of the large experimental 
scatter at short diffusion times, the measured slab n^ is used as the 
depth-defining parameter, rather than diffusion time.
We use the probable physical value of n^, and compromise slightly 
in the value of a to improve the match further down the profile.
7.4 Post-Baked Slab Waveguides
Details of the experimental method for post-baking may be found in 
section 6.4.
The W.K.B. method and the variational computer program, SLAB, give 
slightly different results as the fundamental slab mode approaches cut­
off (see Fig. 5.8). Therefore, because only one mode is present in 
most of the post-baked samples, and because the results are required to 
be compatible with the stripe guide model, the variational method is 
used in this section.
Fig. 7.9 presents computed curves of n^ vs. diffusion time (t) for 
the initial diffusion and two total post-bake times of t and 3t. The 
computational parameters are: a = 0.7, n^  = 1.599, 0^=1.02x10 ^^m^/sec
and the three profiles used are those plotted in Fig. 5.5. It is encour­
aging to>note that the computed fundamental-mode curve of Fig. 7.9 is 
virtually identical to the best-fitting curve of Fig.- 7.1.
Of the large number of devices whose slab measurements comprise 
Fig. 7.1, only a few were post-baked; the experimental results for these 
are also shown on Fig. 7.9.
initial diffusion
1-53 ■
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Fia. 7-9 Theoretical curves[variational solution] 
of n@ vs. initial diffusion time[ t ] for 
post-baked slab waveguides
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Discussion
It can be seen that the experimental and computed results agree 
qualitatively, but that the quantitative agreement is limited. The two 
essential results of post-baking are that the surface index is reduced 
and the waveguide effective depth is increased. Modes near cut-off are 
more sensitive to the latter effect and n will increase at first. Well
e
guided modes (large n^) are more sensitive to the reduction of n.^ , so n^ 
falls. Thus the mode separation decreases and modes may be gained. If 
the post-bake time is always equal to the initial diffusion time, then 
there will be a diffusion time (t) for which post-baking does not^change 
n^. This may be called the pivotal diffusion time, t^. This, (at
9.5 minutes), is of interest for an entirely different reason. Coinciden­
tally, a 2 micron wide stripe waveguide is only single-moded for diffusion 
times less than about 10 minutes.
The computed and experimental curves agree (approximately) about 
the value of t^, but in general the computed values of n^ change much 
more rapidly, as post-baking proceeds, than do the experimental values.
No changes in the computational parameters can entirely correct this, 
but a large increase in a is found to improve the fit somewhat. However, 
as discussed earlier, a large value of a requires an unrealistically small 
value of n.j to obtain a fair match.
During post-baking, the peak concentration (normalised) soon falls
to less than 0.6. Because of the form of the inter-diffusion coefficient, 
D
^ , this means that the post-bake diffusion is slower than the
1 - otu
initial diffusion. Increasing a increases this rate differential, as 
required to improve the model, but spoils the model in other respects.
It was noted in section 6.4 that silver seems to be lost from the 
glass, appearing as a yellow surface coating, during post-baking. This 
cannot explain the discrepancy between the observed and the theoretical
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behaviour as the error is in the wrong direction. (It may be added that 
waveguides which have not been post-baked tend to develop a similar 
yellow coating during storage. This may be due to atmospheric humidity 
and confirms that the surface, silver concentration is high; the profile 
is not buried.)
7.5 Results for Polished Slides
Several slides were ground and polished to an optical finish on 
one side in order to remove large surface defects. The effect of this 
on the waveguide losses will be considered in a later chapter; here the 
effect on the waveguide modes will be noted.
The four multimode slab waveguides discussed in sections 7.2 and 
7.3 were made on the unpolished sides of such slides and are quite typical 
of untreated slides. The slab waveguides on each polished side, however, 
are found to have higher effective indices than the above, the difference 
being virtually constant for each slide but increasing slightly as dif­
fusion time is reduced. This difference, An^, lies between 0.0006 and 
0 .001.
When the data is compared with the theory according to method (ii) 
(see 7.2) it is found that the conclusions concerning a and the profile 
shape still apply, but that the surface refractive indices must all be 
increased by approximately the same amount, An.^  = 0.0006. Very short 
diffusions also show this effect quite strongly.
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7.6 General Discussion and Conclusions
There are three general phenomena which require explanation:
1) The missing "tail" of the real diffusion profile.
2) The reduced diffusion rate during post-baking.
3) The increased surface refractive index when the slides are
polished before diffusion.
Both (1) and (2) could be explained by a self diffusion coefficient, 
D^, which varies with concentration; certainly the inteih-diffusion coeffi­
cient is not of the correct form to match the experimental data. This 
is insensitive to a and u when u is small, so it is not possible to alter 
the tail region much by varying a. We require an inter-diffusion coeffi­
cient which falls steeply as u tends towards zero, rather than levelling 
off as does that derived in Chapter 4. This calls for an examination of 
one of the basic suppositions of Chapter 4: that D^ is constant.
Pick's diffusion laws assume a totally random ionic motion. If, 
however, there is some correlation, then an additional thermodynamic 
factor must be introduced. The inter-diffusion coefficient becomes:
a^. ain(A)
1 - au ain(c ) a
where A is the activity of the silver ion as a function of c^ (the 
silver ion concentration).
D o r e m u s a s s u m e s  the form:
A = c^ where n is constant • a
with the result that D^ is simply multiplied by a constant (n), his results 
being consistent with a value of 1.1 for n. If the above function,
A(c^), were of a slightly different form, this thermodynamic factor would
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not be a constant. (A correlation giving the observed effect might be, 
for example, an inhibition of the silver ion mobility by a preponderance 
of sodium ions.)
Another possible cause of parameter changes is stress in the glass 
caused by ion-exchange itself. D o r e m u s n o t e s  that such stress can 
change the properties of the glass, including those important in ion- 
exchange.
Perhaps the most likely cause of the observed discrepancies is 
inhomogeneity of the glass. The results for polished slides show that 
optical working changes the surface refractive index, which indicates 
compositional change. It is almost certain that all glass surfaces, which 
have been exposed to aqueous solutions, differ in composition (and struc­
ture) from the bulk of the glass beneath. Such surfaces become "hydrated":
silicon-oxygen bonds are broken and hydroxyl groups are formed; this can
(40)
drastically alter ion exchange properties, increasing diffusion rates,
considerably. In addition, sodium is leached from the g l a s s a n d
hydrogen ions diffuse in to replace it. Such ion transport is known
to occur in the glass electrodes of pH meters.
We might, therefore, postulate the presence of a surface layer, on
the cleaned glass, whose diffusion properties are graded; D falling
from a high surface value to the bulk value. The effect of this depth
dependence of D would be similar to the concentration dependence discussed
earlier. However, for short diffusion times, D (y) would vary slowly
compared with u(y) and the assumption of constant D would be more accur-
9D ^
ate; especially if -—  were small near the surface. In general, the
oy
lower concentration values (being deeper) would encounter a reduced value 
of D^, and the tail of the profile would be attenuated; only if the 
profile were deep enough to reach the homogeneous glass would the tail
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reappear. An example of this is the experimental profile of Doremus/^^^ 
measured by a radioactive tracing technique. In order to obtain suffic­
ient accuracy, a very deep profile is required, and is about 8 times 
deeper than the 24 hour diffusion discussed here. The profile shape is 
given by 8 points (u against depth) with some scatter; there seems to be 
a tail to this profile, though it could still be smaller than that of the 
theoretical curve.
Thus, an inhomogeneous surface layer could conceivably account for 
some of the observed phenomena. Most of this discussion is,admittedly, 
speculative and the matter requires deeper investigation. It is clear 
from the literature that the mechanism of ion-exchange in glass is still 
very little understood.
Conclusions
The slab waveguide behaviour points to a value of n^ of 1.599 and 
suggests that, although no value of a exactly models the diffusion profile, 
a value of 0.7 offers a suitable compromise. The discrepancy may be 
caused by laminar inhomogeneity of the glass surface, in which case the 
lateral characteristics of stripe waveguides may be only slightly affected 
by it.
Bearing in mind the uncertainty of the profile shape for short dif­
fusion times, we accept the above value of a provisionally and proceed to 
a consideration of stripe waveguides.
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C H A P T E R  8 
ION-EXCHANGED STRIPE WAVEGUIDES
This chapter contains experimental results, with theoretical compar­
isons, for stripe ion-exchanged waveguides. Both metallic aluminium and 
anodised aluminium diffusion masks are considered and a qualitative 
explanation of their behaviour is sought. The effect of post-baking 
stripe waveguides is also investigated.
In order to see how the real waveguides behave, as compared with the 
theory of Chapters 4 and 5, it is necessary to make a series of guides 
of different widths on the same substrate so that all will have the same 
slab effective-index. The waveguide pattern used to achieve this, shown 
in Fig. 8.1, has eight narrow stripes (2.5, 3.4, 4.2, 6, 8, 10, 15 and 
20 ym widths), and a 120 ym wide quasi-slab. These all emerge from a 
common launching area. It was usual to create a true slab region beside 
the quasi-slab by means of additional rough masking during exposure.
The guides are made, and the widths and effective indices measured, 
as described in Chapter 6. The diffusion aperture widths are measured 
to an accuracy of t 0.04 ym and n^, to ± 0.0002, approximately. Both 
measurements are subject to fluctuations along the guide length, so 
efforts were made to ensure that the mode measurements were made at the 
same position as the width measurements, both being made the same distance 
along each stripe. The stripes were arranged to run across the slide 
width rather than down its length, so that any thermal gradients present 
during diffusion would affect each width equally.
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8.1 Results for Aluminium Diffusion Masks
In the early stages of this work, the diffusion masks used were
always of metallic aluminium; the anodised mask was developed later in
response to the difficulties encountered. Thus it is logical to consider
the aluminium diffusion mask first.
The measured effective indices of the first five lateral modes and
for three diffusion times (7, 11 and 20 minutes) are plotted against
the diffusion aperture width in Fig. 8.2. The corresponding computed
curves (DIF and WAVE ; a = 0.7) may be found in Fig, 8.3 for the same
three slab n^ values. (The experimental points in Fig. 8.3 are for the
best anodised masks; they may be ignored for the present, but will be
considered later.) Concentration contour maps of the three 2 ym wide
guides are shown in Fig. 8.4.
While these experimental results are slightly closer to our theory
(55)than are those of Gallagher, the disagreement is still sufficiently 
violent to be clearly seen even without a superimposition of the graphs.
The nature of the discrepancy may be summarised as follows:
(i) At any width, the measured n^ is smaller than the computed value. 
This difference increases as the width diminishes, resulting in an experi­
mental dispersion curve whose slope is always greater than that of the 
computed curve.
(ii) Despite.this, the mode separations (n - n etc.) for each
®2
width are only slightly larger than those of the theoretical model.
The fit, in this respect, is improved by using the u = 0 boundary condition 
[see Fig. 5.5 (b)] which makes the guides of the model a little narrower. 
The mode separations for various conditions are plotted in Fig. 8.7.
Fig. 8.1 The stripe waveguide shadow-mask
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(iii) At a width of 20 pm, the computed fundamental dispersion curve 
has virtually reached its limit (the true slab value of n^). The measured 
n^, however, is less than this limiting value even at 120 ym width (the 
quasi-slab).
Adjusting the Model
There is no parameter which may be varied to match the computed 
curves to the experimental. Varying D , a or n (the surface index) 
serves only to move the entire curve-set up or down the n^-axis, the 
slopes and mode-separations remaining substantially the same. Thus, if 
a or n, is changed and D (i.e. the scaling) then adjusted to return the 
slab n^ to its original value, it is found that the lateral modes also 
return (almost) to their original values.
It is concluded that the mode separations are almost purely a function 
of width, and that the actual value of n^ at any given width is a function 
only of the effective diffusion depth and the surface refractive index. 
Thus, it may be concluded, from (ii) above that, though the measured 
widths are substantially accurate, the guide effective widths are a little 
narrower than predicted. From (i) and (iii) it may be concluded that 
either the diffusion depth or the surface refractive index (or both) 
diminishes as width is reduced. This effect will be called "width- 
dependent retardation".
Since and a cannot be width-dependent, there are only two possi­
bilities: either there is a width-dependent, external electric field
retarding the d i f f u s i o n , o r  the surface silver concentration (in 
effect, the source concentration) is a function of aperture width. In 
the latter case both surface refractive index and diffusion depth are 
reduced by the same mechanism and the effect can be checked using DIF.
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Adopting the u = 0 boundary condition to reduce the effective guide width, 
it is found that the computed modes may be matched to the measured modes 
almost exactly using the following (sample) values of u^ (the normalised 
surface concentration):
Aperture Width u
0
2.95 ym 0.89
4.35 ym 0.925
5.98 ym 0.95
Such empirical fitting is very crude and reveals little about the 
actual silver-ion distribution in the guide; however it confirms that 
the effect is indeed a width-dependence of the mean diffusion depth.
The above two possibilities may not be distinct, since such a reduc­
tion of Uq may be electrical in origin, A major obstacle to any non­
electrical explanation is the exceedingly long range of the influence. 
This is clearly associated with the diffusion aperture edges (growing 
stronger in the centre as the edges draw closer together) yet extends at 
least 60 ym from the edge to retard diffusion into the centre of the 
quasi-slab.
In order to check the effect of the mask conductivity, insulating 
diffusion masks were required. The idea of anodising the aluminium mask 
originiated with the anodisation of the high-purity, aluminium, silver 
nitrate bath (necessary to prevent its corrosion by the melt). The 
procedure is outlined in section 6.2.
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8.2 Results for the Anodised Diffusion Mask
1) The Early Anodised Diffusion Masks
Pig. 8.5 presents typical experimental results for early anodised 
masks, showing dispersion curves for two diffusion times (7 and 20 minutes) 
for the five lowest order modes only. Later results, using improved fab­
rication techniques, approximate to the computed curves quite closely 
(see Fig. 8.3). However these early results are of great interest because, 
in almost every respect, the discrepancy between the measured and computed 
characteristics is equal to that found with the metallic mask, but in 
the opposite sense. To summarise:
(i) For any given width, the measured n is greater than the theor-
e
etical value, the difference increasing as width diminishes.
(ii) The mode separations are smaller than those of the computed 
curves (see Fig, 8.7), but the discrepancy'is greater than for the metallic 
mask. The effective width is greater than predicted.
(iii) At 120 ym width, the measured n^ is greater than the theoreti­
cal, and shows no tendency to fall further as the width increases.
This characteristic is not exactly repeatable; however, frequently 
the theoretical dispersion curve is very nearly the average of the 
metallic and the anodised cases. When only half of the length of the 
guides is anodised, the transition between the two extreme characteristics 
is very abrupt.
Clearly, a narrow stripe guide cannot have.., a greater effective 
index than a slab guide unless it is considerably deeper. Thus, using 
the same reasoning as in section 8.1, we postulate a "width-dependent 
enhancement" effect in which the field of influence, which retards 
diffusion if the aperture is defined by a metal mask, is almost exactly 
reversed. If this influence is associated with the mask edges, it follows
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that in the wider guides the edges will be more deeply diffused than 
the centre. This expectation is confirmed by the input m-lines, photo­
graphs of Which are presented in Fig. 8,8 (fundamental modes only).
It is clearly seen that as the guides become wider the fundamental 
m -line increasingly resembles a single-slit diffraction pattern 
(cf. Fig. 6.12). The field distribution of the m-line is given, approx­
imately, by the Fourier Transform of that in the waveguide. Thus, the 
usual single lobed m-line (see Fig. 6.8) indicates an approximately 
gaussian lateral field distribution. (This is confirmed by WAVE. See 
Fig. 5.13i) The m-lines of Fig. 8.8 indicate a field distribution which 
becomes more rectangular as the guides become wider, possibly even 
developing a shallow minimum in the centre. Comparison with the guiding 
structure and symmetric-mode field of a directional coupler confirms 
that the edges must be deeper than the centre.
This also explains the behaviour of the limit as the width tends 
to infinity. The energy propagates preferentially in the deeper edge 
regions irrespective of the width; the true slab n^ can be obtained only 
if the coupling spot is far from the edge.
2) The Improved Anodised Diffusion Mask
Although the first anodised masks produced a very interesting dis­
persion characteristic, the resulting waveguides were not of very high 
quality, having somewhat rough edges; also in places the silver nitrate 
had leaked through the mask. This was corrected by means of the more 
thorough cleaning procedure outlined in section 6,1, ensuring improved 
aluminium to glass adhesion. Several other changes were also made at 
this time, including a substantial reduction of the anodisation tempera­
ture, and a greater attention to cleanliness in general.
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The result of this was... not only a greatly improved masking quality, 
but also a change in the dispersion characteristic. The measured modes, 
though still slightly higher than the theory, now fitted the computed 
modes very closely. Fig. 8.3 shows such experimental points superimposed 
upon the computed curves.
The improved anodised characteristic proved to be quite repeatable; 
so repeatable that the early anodised characteristic could no longer be 
produced. Various changes in the fabrication procedure were tried (short 
of deliberately reducing the cleanliness) but the factor which determines 
the width dependent enhancement could not be isolated.
Some recent results have suggested that cleanliness alone is not the 
critical factor as was thought, but that the condition of the oxide film 
may depend upon how it is rinsed after anodisation. This ostensibly 
trivial operation was not recorded or controlled.
It was considered that the improved anodised mask matched the computer 
model sufficiently closely to enable both to be used with confidence.
Thus, work on waveguide devices was undertaken and is discussed in 
Chapter 9. In the remainder of this chapter other diffusion-mask effects 
will be considered and an explanation of these phenomena sought.
8.3 Other Diffusion-Mask Effects
There are several other important observations to be noted.
1) Partial Anodisation
Two anodisation trials were performed, in which several sets of 
stripes were partially anodised by varying degrees. A typical graph of 
anodisation current vs. time is given in Chapter 6 (Fig. 6.3). The point 
'A'marks the onset of catastrophic conductivity loss as the current falls
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finally to zero. At A the anode current is .
In both trials the measured modes were found to move up slowly 
towards the theory as the anodisation end-point was advanced towards A. 
However, as the end-point passed A, the measured modes rose rapidly 
towards their fully anodised positions - either "early anodised" (in the 
first trial) or improved (in the second trial).
Within limits, the position of the measured modes, relative to their 
final fully anodised positions seems to be directly related to the end­
point current. This is itself (after the initial current oscillations) 
determined by the residual sheet conductance of the mask,
2) Metal Thickness
As may be expected from the above, the thickness of a metal diffusion 
mask affects the measured modes slightly. This effect has been observed, 
but not investigated thoroughly,
3) Association
When the mask is of aluminium, it is found that the proximity, or 
otherwise, of other unmasked, exchanging regions affects the measured 
modes of a waveguide. Two examples of this have been noticed:
a) If the mode measurements are made close to the open launching 
area of the waveguide pattern (see Fig. 8.1); the n^ values are elevated 
towards the computed values.
b) The difference between the true slab n and the quasi-slab n
e e
depends upon the width of the metal strip which separates the two exchang­
ing regions. This effective-index difference tends to vanish if the 
partition is much less than about 1 mm wide.
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4) Free Silver Reduction
This is the most important of the effects noted in this section, 
since it bears upon the usefulness of stripe waveguides made using an 
aluminium diffusion mask.
When the surface of such a waveguide is examined by means of a power­
ful optical microscope using reflected light, a cream coloured line can 
be seen running down each edge. This becomes broader and darker (event­
ually becoming brown) as diffusion time increases, and occurs only where 
the aluminium film and the diffused region have overlapped. This dis­
colouration is assumed to consist of free, metallic silver which has 
been reduced by some action of the aluminium mask. It increases the 
opacity of the edge regions when transmitted light is used, but cannot 
be seen under transmission phase-contrast (see Fig. 6.5); it thus escaped 
detection for some time. It appears to be more than a surface deposit 
of silver, since nitric acid has no effect upon it.
Fig. 8.9 presents photographs (at 1000 times magnification) showing 
this reduced silver on the waveguides of an early ring-resonator pattern. 
The waveguides are 5 microns wide, the ring diameters are 200, 100, 50 
and 25 microns, and the diffusion time was 50 minutes.
This ring pattern was chosen purposely to show up the following 
phenomena, which are obviously closely akin to the association effects 
noted in (3) above.
(a) When two waveguides converge to within about 8 lim of each other, 
the discolouration along their inner edges rapidly fades and vanishes.
(b) If a piece of the aluminium mask is electrically isolated from 
the bulk (e.g. the ring centres), then the amount of discolouration at 
an edge defined by this will depend upon its size. For example the 
smallest ring is devoid of reduced silver on its inside boundary; the
METAL (a)
(b)
Fig. 8.9 Photo-micrographs of the ion-exchanged 
surface:
(a) half metallic,half anodised diffusion mask,
(b) - ( f )  (overleaf) metallic diffusion mask.
Ring diameters.-
(c) 200pm ,(d) 100 pm,(b,e) 50pm,  (f) 25pm
(c)
(d)
(e)
(f)
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next smallest has a trace; the two largest have a considerable, but 
varying, amount.
Waveguides made using an anodised diffusion mask are uncondition­
ally free from reduced silver. Also shown in Pig. 8.9 is the surface 
of a half anodised, half metallic diffusion mask; the discolouration 
stops abruptly at the transition point. As may be expected, partially 
anodised diffusion masks produce a lower density of reduced silver than 
non-anodised.
Because of this, metal-mask waveguides are found to have a much 
higher attenuation than anodised-mask guides, for which reason metal masks 
are no longer used.
8.4 Discussion
It is clear, from the foregoing evidence, that the cause of these 
strong deviations from the ideal behaviour in the two extreme cases, is 
electrical in .nature. The origin and mechanism of this will now be con­
sidered in detail. Since metallic masks are no longer used and good 
insulating masks can now be made, no attempt has been made to incorporate 
the following considerations into the mathematical model. The discussion 
will be mainly qualitative.
The interdiffusion theory of Chapter 4 is believed to be accurate 
within the bounds set. A case is made, therein, for the belief that the 
mask conductance has little intrinsic effect on the final diffusion profile 
and cannot directly affect the quantity of silver taken in through an 
aperture of fixed size. The grounds for this are thermodynamic. The
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diffusion rate is fixed by the free-energy of the system and can be 
enhanced or retarded only by an input of energy from some external source.
1) The Metallic Mask
In this case, the only available, external energy source is .electro­
chemical in nature. It is very probable that an electrolytic cell has 
been inadvertently set up, with aluminium and glass electrodes in an 
electrolyte of molten silver nitrate. The glass electrode potential (see 
section 4.8) results from the ion-exchange itself. We may consider the 
ion-exchange to be initiated by an out-flow of sodium from the glass 
(the sites must be vacated before silver can replace it); the resultant 
charge separation and glass-to-melt potential difference assist the in­
flow of silver. Thus the glass is negative with respect to the melt.
The aluminium electrode potential arises by a mechanism which is
analogous to the above. Dissolution of the metal in the electrolyte
3+
causes a charge separation,since A1 ions enter the electrolyte, leaving 
three electrons behind. This encourages silver to deposit on the metal 
surface. At equilibrium:
3+ -
A1 “> A1 + 3e
3 Ag <—  3 Ag"** + 3e
Thus the metal is also at a negative potential with respect to the 
electrolyte.
Three resistivities are of interest.
(i) Glass: using the values of a and D found in Chapter 7.
11
Pg = 10 Q. um at 215°C.
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Prom a suitable data book;
(ii) Melt; = 1.5 x 10' 0 um
(iii) Aluminium; ■ —  p.^  ^40 ym
at 215°C
The aluminium is in the form of aithin film of about 0.1 ym thickness; 
therefore the relevant parameter is a sheet resistance:
R = 400 S2 
s
The glass and aluminium electrode potentials may be considered as
voltage sources, (v and v ), in an equivalent circuit; their positiveg a
terminals connected via a melt resistance (R^ ) and their negative termin­
als, via a glass resistance (R^). If the two voltages differ current
will flow and, since R »  R , most of the potential difference, v - v ,g m a g
occurs between the metal and the ion-exchanging glass surface. Unless 
this current flows, no work can be done to either enhance or retard the 
diffusion.
We consider the two possibilities for the sign of v^ - v^:
(a) V < V . If the aluminium is the positive terminal then current 
_ _ Ê _ ...
flow may occur either by electron flow through the glass to the metal,
3+
or injection, by the metal, of A1 ions into the glass. Both of these 
mechanisms appear to be highly improbable since glass has no electrons 
available for conduction and aluminium, when present in glass, is never 
mobile but is bound into the lattice. If this polarity occurred, the 
imposed field would be neutralised by the establishment of a region, near 
the junction, depleted of positive ions and no further current would 
flow.
1 2 6 ,
(b) V > V . Here the aluminium is the negative terminal, and 
a g
current flows by the reduction of cations {which drift towards the mask) 
by electrons which the metal supplies. Thus, the reduction of free,
metallic silver or sodium is an essential consequence of current flow if
«>
the mask is metallic.
The evidence [see 8,3 (4)] confirms that this is indeed the case, 
and it is concluded that v^ > v^. It is unlikely that any sodium can 
be reduced by a potential, generated by the ionisation of aluminium, which 
is less reactive than sodium. Thus, especially since silver is always 
available for the purpose, it may be assumed that the current is carried 
solely by the reduction of silver at the mask edge.
In effect, silver is withdrawn by the mask, since metallic silver 
is very much more concentrated than the ionic silver in the glass, and 
has little influence upon the refractive index.
In the light of the above deductions, we consider phenomena associ­
ated with the silver reduction (see Fig. 8,9), It is noted that only 
the edge of the mask, where silver is present beneath, is supplying 
electrons to the glass (since, sodium is not reduced), but that these 
electrons will be drawn from a comparatively large area of aluminium.
It is observed that when an isolated area of aluminium is small (less 
than about 30 pm diameter) it is incapable of supplying sufficient elec­
trons to its edge. Two explanations are possible.
(i) The aluminium electrode potential may be weakened by proximity 
to ion-exchanging glass, either due to capacitive effects or to electro­
lyte modifications. When the area is large, the regions far from the 
edge hold down the potential and supply electrons.
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(ii) The voltage source represented by a unit area of aluminium 
may be non-ideal, having internal resistance, due to the melt and the 
aluminium resistivities, or to the limited rate of the oxidation reaction 
which generates the voltage. For an isolated, circular region of radius r, 
the ratio of perimeter to area is 1/2 r. Thus as the radius is reduced, 
the current drawn from each unit voltage source increases, the effective 
electrode potential is weakened and the current per unit length of peri­
meter is reduced.
Of these two hypotheses, (ii) is the more satisfactory. A narrow 
strip of metal between two parallel guides is similarly unable to supply 
many electrons; they must be donated by the open mask area beyond the 
point where the guides diverge. However, the current path is resistive 
(a 4 ym wide strip has a resistance of 100 per micron of length) and 
is itself a consumer of electrons, so the current decays rapidly with 
distance. Thus, the narrow strip behaves as though isolated.
The Width Dependent Retardation
When current flows in an electrolytic cell consisting of two 
dissimilar metals, dissolution of the more reactive metal is accelerated 
and that of the other metal is retarded. This is the principle of 
cathodic protection against corrosion, using a sacrificial anode.
In this case the cathode is an ion-exchanger, but the principle still 
holds; the thermodynamic process which sets up the cathode potential 
(out-flow of sodium) is retarded and that which responds to the potential 
(in-flow of silver) is accelerated: both rates are changed. Thus, if in
one second with no current flow the glass loses n sodium ions and gains 
n silver ions per unit length of guide, then in the same time, with current 
flow, the sodium loss is n - p ions and the silver gain is n + q ions.
1 2 8 .
p and q are not independent, but vary together. The net material gain 
through the glass surface is p + q ions and a mean current of (p + q)e 
Amps per unit length of guide has flowed through the glass surface and 
into the mask edges.
In order to make room for this extra material in the glass a total 
of p + q silver ions (exclusively silver) are reduced and deposited ben­
eath the mask edge. This silver has effectively been withdrawn from 
the system, so the real gain of silver (in one second, per unit length
of guide) is n + q - (p + q) or n - p ions. The effective ion-exchange
rate has been reduced by the current flow.
The overall rate reduction, p ions/second/unit length, depends only 
upon the total current and is independent of the aperture width. However, 
the effect upon the average depth of the waveguide is given by the mean 
rate-reduction per unit area, which is p/q , where a is the aperture width
(the mean current density at the glass surface also varies as 1/a). .
To check that the observed width dependent retardation follows the 
above relationship, we consider the data given on p.117. In order to 
model the reduced ion-exchange rate, a reduced surface silver concentration 
(normalised), Uq (Q), was used in DIP. If it is assumed that u^ gives an 
approximate measure of the mean ion-exchange rate (ions/second/unit area), 
then the rate-reduction, for each width, is 1 - Uq (o ). Thus, if the above 
hypothesis is correct:
1 - u^ (a) « p/a
or [1 - UQ(a)]a - Kj where K is a constant.
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From the data on p. 117:
1 - % K
0.11 2.95 0.325
0.075 4.35 0.326
0.05 5.98 0.299
The approximate constancy of K gives considerable support to the 
above hypothesis.
About the profile shape little can be said, except to note that 
the electric field, in moving ions from the centre toward the edges, 
will lessen the effective width reduction which the retardation (greatest 
near the edges) would otherwise cause.
It is concluded that the hypotheses of this section can explain all 
the phenomena associated with an aluminium diffusion mask. The partial 
anodisation results are probably caused both by weakening of the electrode 
potential and reduction of the mask conductance. The "association" 
effects [8.3 (3)] are due to geometrical limitation of the electron source 
and are akin to the silver deposition phenomena noted in section 8.3 (4).
2) The Anodised Diffusion Mask
With an ideal', insulating diffusion mask current flow, with con­
sequent modification of the diffusion rate, is impossible. Such a mask 
isolates the glass, which it covers, from the melt; the "circuit" is 
"open" and any potential between the mask and the melt is irrelevant.
However, since with the early anodised masks enhancement of the 
diffusion clearly occurs, it may be deduced that the mask is not ideal 
but permits ionic current flow. (The possibility of electron flow may 
be discounted immediately). This being established, we proceed to use 
the explanation of the metal-mask behaviour in a slightly modified form.
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It is postulated.that the oxide film has selective ionic diffusion
properties, allowing sodium to pass through muchjmore readily than silver.
Thus, out-flow of sodium sets up both the potentials v and v , howevera g
V , unlike v is not reduced by an influx of silver. Because of the 
a g
ionic filtering properties of the oxide, v^ is the electrical equivalent
of osmotic pressure.
If this is so, then as before, v > v and the current flow situationa g
is exactly as described above (p. 127 ). The only difference is that 
the mask extracts charge by means of the exclusive withdrawal of sodium 
ions rather than by the exclusive reduction of silver ions. In one second, 
n + q silver ions are gained and n - p sodium ions lost through the glass 
surface. The excess (p + q) ions are extracted as sodium via the mask, 
thus the net sodium loss is n - p + (p + q) or n + q ions. The net silver 
gain is also n + q ions instead of n, as it would have been with no 
current flow. Thus the effective ion-exchange rate has been increased, 
especially near the edges of wide waveguides. The edge-deepening will be 
emphasised by the tendency of the fiëld to draw silver towards the edges, 
resulting in considerable widening.
That the anodised film behaves in this way cannot be stated with 
certainty, but is quite probable. The non-porous barrier layer at the
O
base of the oxide film is only about 150 A thick (see section 6.2) and 
either aluminium of oxygen atoms (or both) diffuse through it during 
the anodisation.
As was stated earlier, the experimental factor which causes the 
width-dependent enhancement effect has not been isolated. In the light 
of the above theoretical discussion (if the hypothesis is true), the
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various anodised mask characteristics should reflect varying conditions 
of the anodised barrier layer: thick or thin, hydrated or otherwise.
Assuming that the aluminium-to-glass adhesion is good, the final 
waveguide characteristic should depend largely on how the anodisation is 
carried out. In particular, the post-anodisation rinse may be quite 
critical; an«overlong soak in slightly acidic water at room temperature 
could seriously degrade the barrier layer by hydration and dissolution.
The evidence is not complete, but it is known that some, at least, of the 
improved anodised masks were placed in a bath of acetone after anodisation 
(after a brief aqueous rinse); later masks, which were soaked in water 
after anodisation, proved somewhat permeable to silver ions.
An alternative anodisation system, using tartaric acid (partially 
neutralised with ammonium hydroxide) and a very high voltage (greater
o
than 100 V) produces a dense, non-porous oxide film, of thickness ~ 12 A 
per v o l t . T h i s  is worth investigation as a means of producing an ideal
insulating diffusion mask.
8.5 Post-Baked Stripe Waveguides
Three sets of stripe waveguides, (with improved, anodised masks), 
were diffused, for 7, 10 and 20 minutes (the initial diffusion time, t). 
The dispersion characteristics were measured, and were found to follow 
the computed theory fairly closely (see Pig. 8.3). They were then post­
baked (section 6.4) for times 2t and the .modes measured before post­
baking for further times of 6t, a total post-bake time of 8t. The three 
resulting sets of mode spectra are presented in Figs. 8.10, 8.11 and 8.12 
for the 7, 10 and 20 minute diffusions, respectively. There are no 
theoretical curves in these figures.
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The main features of these results may be summarised as follows:
(i) The stripe effective indices usually move in the same direction 
as the slab value during post-baking (see Pig. 7.9), but the average 
width-dispersion (i.e. the slope of the curve) tends to increase. The 
fundamental-mode n^ for the narrowest stripe moves down more rapidly, or 
up less rapidly than the slab value.
(ii) Modes near cut^off move (up or down) less rapidly than well- 
guided modes. Thus if the slab n^ decreases the mode-separations decrease, 
and vice-versa.
As was decided earlier, we require a single-mode waveguide whose 
effective index is not too low. (How low a value is tolerable will be 
considered in Chapter 9.) Thus we are primarily interested in waveguides 
whose widths lie between 2 and 3 microns; 2 microns is the approximate 
lower limit for guides made using standard photolithography.
Clearly, 20 minutes diffusion is too long. Because the mode- 
separation decreases, no practical amount of post-baking seems likely 
to make a 2 micron guide single-mode . The 7 minute diffusion seems to 
be unconditionally single-mode for widths between 2 and 3 microns. Probably, 
no amount of post-baking will make the second mode appear. (Note that 
at 3.4 ym, thia mode rises through cut-off, then falls below it again as 
the post-baking proceeds.) However, n^ is rather low.
A 10 minute diffusion allows a maximum width of about 2.2 ym for
single-mode guidance, suggesting that the initial n^ values of 1.523 for
the stripe, and 1.5266 for the slab are close to the maximum permissible
values. The evidence suggests that all modes move in the same direction
during post-baking, therefore we require the second mode (n - 1), after
the initial diffusion, to be at, or just below, cut-off. The post-bake
time (if any) must be sufficient to ensure that all n values either
e
decrease or remain stationary, as indicated by the change in the slab n^.
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In Pig. 8.13 the computed and experimental dispersion curves are 
compared for t = 10 minutes and a post-bake time of 2t. In order to 
obtain a true comparison of the lateral-mode behaviour, the two computed 
slab values (initial and post-bake) are artificially matched to the meas­
ured values. This is found to require a computational post-baking time
of 1.81t rather than 2t (where t is the computational diffusion time), n n n
As may be seen, there is a tendency for the narrow guides to remain 
deeper, and the wide guides wider than the theory, as with the initial 
diffusion (similar to the 11 minute diffusion of Fig. 8.3). This is 
probably due to the residual width dependent enhancement of the improved 
anodised mask; but there may also be a problem concerning the concentration 
dependence of the diffusion rate, as noted with slab guides (see Chapter 7)• 
The discrepancy probably becomes worse with long post-bake times.
8.6 Summary of Conclusions
In this chapter, experimental results for stripe waveguides made 
using aluminium and anodised (aluminium oxide) diffusion masks have been 
presented. The nature of the discrepancy between these and the computed 
theory suggests that electro-chemical potentials drive current through 
the glass, either accelerating (anodised mask) or retarding (metal mask)' 
the ion-exchange. Reduced silver metal beneath the edges of a metal mask 
makes this unsuitable for use, so the mask must be anodised. In this case, 
ionic conductivity of the anodised mask may cause problems since the 
barrier-layer of the oxide is very thin. This can be overcome (the 
improved anodised mask) in which case the measured and computed waveguide 
modes are in good agreement. More work is required to improve the anodised 
mask further, and it is suggested that the tartaric acid/ammonium tartarate 
anodisation process (which produces a non-porous oxide film) be investigated.
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In order to obtain single-mode, stripe waveguides of width 2 um, the
diffusion time must be limited to 11 minutes or less. Slightly longer
times (up to 13 minutes perhaps) are permissible if post-baking is used
to lower the second mode n below cut-off.
e
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C H A P T E R  9
EXPERIMENTAL RESULTS FOR THE RING-RESQNATOR ELEMENTS
In this chapter, experimental results for waveguide bends, direc­
tional couplers and the straight-guide attenuation will be presented.
These provide the necessary, basic information for the design of a ring- 
resonator. After discussing the results, they are brought together into 
just such a design.
All the devices considered in this chapter use the same input coup­
ling technique {mentioned, but not described in detail in Chapter 6) so 
this will be considered first.
Waveguide Excitation
In order to maximise the guided light intensity, tapered waveguide 
sections are used to concentrate the energy into the narrow (2-3 um) 
stripes. Mode measurements are not required, so a short focal-length 
lens, about 3 cm from the coupling prism, is used. This distance has a 
fine adjustment so that the beam-neck (less than 20 ym diameter) may be 
accurately positioned, with the aid of a microscope, at the taper entrance, 
The light is launched into a slab waveguide area so that this adjustment 
may be readily carried out; the input prism is placed well back from 
the taper entrance to permit ready access, to the stripe, of the output 
prism or microscope objective.
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9.1 Straight Guide Attenuation
The Mask Pattern
The straight-guide attenuation is estimated by measuring the inten­
sity of the light from an output prism at various positions on the guide. 
Obviously, this requires that a reasonable length of guide be available, 
preferably at least 2 cm. However, the aspect ratio of such a pattern
4
(2 cm : 2 ym = 10 ) is so large that considerable difficulties are encoun­
tered in the cutting and photo-reduction processes which are required to 
produce the shadow-mask (see section 6.1).
A suitable, commercially .made shadow-mask was found to be available. 
The pattern consists of several guide-sets, each with four waveguides 
which converge to form coupled sections at various intervals. On two of 
the guide-sets, the guide separation at these coupled sections (4 ym) is 
sufficient that no interaction will occur; the nominal guide-widths are 
between 2.5 and 3 ym.
Both outer guides of each set are perfectly straight, allowing these 
to be used for attenuation measurements, but the inner guides have stepped 
sections (since the pattern is computer-generated) to converge or diverge 
the guides. These are found to cause considerable attenuation. Other 
guide-sets have wider waveguides - about 6 ym. The available length is 
about 2.5 cm (not including the taper) and the edge quality is good.
The Measurement Technique
Having maximised the guided light intensity, as judged by the 
surface scatter, the output prism is clamped on to the far end of the 
waveguide, tightening the screw until the guided light stops abruptly 
just within the prism. There should be no bright, scattering point at 
the prism corner.
137,
The output m-line is extensive and must be condensed by means of 
lenses. A cylindrical lens, close to the prism reduces the diffraction 
angle before the m-line becomes too long, and two 4 inch focal-length 
lenses in contact then focus the light on to a large-area photo detector. 
The laser beam is modulated at 1 kHz by means of a "chopper" and a 1 kHz, 
tuned amplifier (a Pye V.S.W.R. meter) with up to 40 dB of attenuation 
(in 1 dB steps) is used to measure the intensity. Various screens are 
necessary to deny stray, scattered light access to the lenses.
After each measurement the distance from the edge of the output
prism to some reference point is measured to the nearest 0.25 mm.
Usually, at least five readings are taken per stripe, moving the 
output prism towards the input prism. The prism is sometimes found to 
damage the waveguide, so the measurement cannot be repeated. Similarly , 
the attenuations of the same guide, before and after post-baking,, cannot 
be compared directly. The post-baked sample must be unused.
Interpretation
There are two sources of error in these measurements:
(i) variation in the output coupling efficiency. This is as likely 
to reduce the apparent attenuation as to increase it.
(ii) the presence of large flaws in the waveguide, which can only
increase the apparent attenuation. Since it is quite possible for a 
small ring (say 500 ym in radius) to be free from such flaws, these are 
not considered to be representative.
For each waveguide, the guided intensity (in dB) is plotted against 
distance (in cm). The points are connected by straight lines, with slope 
oij^ dB/cm, and discrete vertical intervals, representing defects. Some­
times these jumps correspond to visible scattering centres, sometimes not;
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it is found that only surface defects produce a bright scatter spot.
On several samples, the same guide was almost interrupted due to dirt on 
the original shadow mask; a discrete interval was observed in the measured 
intensity at each side of this defect, yet no bright spot was visible. 
Probably light is scattered through the sides of the guide but remains 
invisible because of total reflection from the glass surface.
Thus the value of a is biased towards the shallower gradients meas- 
ured, see, for example Fig. 9.1.
Experimental Results
A large batch of long, stripe waveguides (15 slides) was made. All 
diffusion masks, except one, were anodised and, by utilising different 
guide-sets, using MF312 developer and over-developing some samples, guide 
widths ranging from 5.8 ym to 1.7 ym were obtained. All were diffused for 
9 minutes; some were not post-baked, some were post-baked for 9 minutes 
(t) and some for 27 minutes.(3t).
In Pig. 9.2 the linear attenuation constant, a , (dB/cm) is plotted 
against the reciprocal of the aperture width [following C.S. Wilson; 
an approximately linear relation was expected.
It is seen that increases as the width diminishes and that post­
baking reduces a^. Significantly, the first 9 minutes of post-baking are 
of greater benefit than the next 18 minutes, a fact which is probably due 
to the rapid relaxation of gradients, with consequent edge smoothing, 
which occurs during the initial stages of post-baking.
Thus, according to this data, one unit of post-baking (i.e. t minutes)
with a width of 2 ym allows a linear attenuation of 2.25 dB/cm to be 
achieved. The slab waveguide attenuation (with no post-bake) depends
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upon the surface quality, but can be as low as 0.4 dB/cm. It is not 
strongly dependent upon the diffusion time.
In an attempt to remove the gross surface imperfections, several 
slides were ground and polished to an optical finish (on one side only). 
This resulted in a large increase in the surface scatter with a consequent 
increase in of several dB/cm. However, fewer gross defects were noted; 
thus the overall attenuation was more predictable than with unpolished 
slides. The samples of Pig. 9.2 were from a different batch of Pisher 
slides and were found to be remarkably defect-free by comparison with the 
batch from which the polished slides were taken.
The metallic-mask waveguide, which was about 3 ym wide had an attenu­
ation, a , of 7 dB/cm.
Unfortunately, the validity of the data of Pig. 9.2 is not unquali­
fied. The guides were intended to be single-mode at 2.3 ym width, yet all 
(including those less than 2 ym wide) are found to be double moded. On 
measuring the modes, the fundamental n^ was found to be little less than 
the slab value and the; mode separations much smaller than expected from 
the aperture widths; smaller even than those of the "early anodised" 
characteristic.
It seems likely that these anodised masks were partially permeable 
to silver ions, resulting in a reduced lateral index difference. Per­
meable masks, which can be modelled using DIP, have the effect of making 
the guides seem wider. The cause of this probably lies in the post- 
anodisation rinsing; after a brief rinse, the slides were placed in a 
bath of distilled water. It was not suspected, at that time, that this 
might damage the barrier layer.
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One effect of this may be to decrease the attenuation. The points 
on Fig. 9.2 marked as filled circles (no post-bake) are from an earlier 
batch of samples. These were truly mono-mode and thus may represent 
better quality masking. The attenuation is slightly higher than for the 
other samples, thus it may be safer to assume an attenuation of about 
3 dB/cm at 2 pm width after one unit of post-baking.
Clearly, this figure could be improved by the use of better substrate 
material. Optically clear, uncoloured glass (Fisher slides are green) 
with a flawless molten surface could, in theory, be produced; and probably 
would be if these guides were made commercially.
9.2 Directional Couplers
The pattern used for making directional couplers is illustrated 
in Fig. 9.3. The waveguide width (a) and separation (c) are nominally 
2 um, however these may be varied from Q = 1.92, c = 1.85 to a = 2,6, 
c = 1.3 microns by changing the exposure and developing times. Three 
interaction lengths (s), of 1 mm, 2 mm and 4 mm, are available.
The measurement method is similar to that described in section 9.1. 
Light is coupled into the straight guide (guide 1) via a taper and a 
certain fraction transfers to guide 2 before it diverges from guide 1,
The output prism is clamped on with its rectangular edge close to the 
divergence point, resulting in two spatially separate m-lines whose 
intensities may be measured by moving the condenser lens and detector 
up or down. If the intensities in guides 1 and 2 are I a n d  then:
^  = tan^ (Ks) (9.2.1)
1 cos (Ks)
where K is the coupling coefficient and s is the interaction length.
Fig. 9.3 The directional coupler shadow-mask
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The transfer length, L - it/2K.
Since it is not possible to tell how many times the energy has 
passed between the guides, the general solution for Ks is:
I
Ks = miT i tan f 1 : m = 0, 1, 2 . . . .
• (9.2.2)
where the negative solution for m = 0 is discarded.
With the interaction lengths available here, only m values of 
0, 1 or 2 are of practical importance. The criteria used to judge the 
correct value of L will be considered later.
Results
Several coupler samples have been made, each slide containing two 
coupler-sets (Fig. 9.3), i.e. six couplers, two of each length.
The first successful device, which was made at a time when the 
"improved anodised" mask seemed to be stable and reproducible, was 
diffused for 9 minutes, resulting in a slab of 1.5253. Accordingly, 
this value was made the basis of a comparison between computed and 
measured transfer lengths.
Since most of the couplers on this slide had dimensions in the 
vicinity of a “ 2,3 um, c = 1.5 ui^ f a preliminary computation, using these 
values, was carried out to check the effect of the parameter a. With 
a = 0.7 and n^  = 1 .599 ( a =  2.32, c = 1.493) a computed transfer length 
(L) of 4.46 mm was obtained. With a - 0.9 and nothing else changed except 
the computational diffusion time, t^, which was adjusted to return the 
slab n^ to 1.5253, L increased to about 8 mm.
Since the measured transfer lengths for these couplers lie between 
4.13 and 5.44 mm, a was kept at 0.7.
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It is not generally possible to include the exact, measured, coupler 
dimensions in the computer model. The diffusion aperture must be an 
integer multiple of 6x and the aperture separation, of 2 6x (because of 
the lateral symmetry). 5x and 6y - the refractive index sampling intervals 
are both about 0.04 ym, thus the accuracy of the model is limited, espec­
ially since L is so sensitive to the separation (c).
To overcome this difficulty, a set of 16 coupler computations were 
performed, using four widths and four separations. The transfer length 
of any coupler may then be found almost exactly, by interpolation.
Fig. 9.4 presents this computed data as a family of four curves, L vs.a 
with c as the fixed parameter for each curve. In order to perform the 
interpolation, this must be converted into another family of curves,
L vs. c, one curve for each value of a required; this working graph is 
not shown.
Finally, the comparison of the computed and measured transfer 
lengths is contained in Table 9,1. (Only five couplers are considered 
because coupler was visibly imperfect.) The most probable measured 
value of L is selected as being the value which is most consistent with 
those obtained using different interaction lengths(the short couplers 
are useful here). If this still Reaves any doubt, the value which is 
closest to the theory is chosen. The choice in this case, is not diffi­
cult as is illustrated by the column of alternative measured values.
The measured and computed values of L are, for the most part, in 
good agreement. In three cases out of five the error, expressed as a 
percentage of the computed value, is less than 10% and in only one case 
is it above 25%. It is considered that, despite the small sample, the 
agreement is significant and not due to chance. The causes of the, 
occasionally large, error will be considered later.
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Fig. 9-4 Computed transfer length [L ] as a 
function of directional coupler 
dimensions : a [ aperture width ] 
and c [aperture separation] 
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Table 9.1 Comparison of measured and computed transfer lengths for
experimental directional couplers.
Slab n = 1,5253e
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Further Results
In order to extend the sample and to check the comparison at other 
diffusion times, further couplers were made and measured. The two coupler 
sets on each slide were made using different exposure times and it is 
found that most of the dimensions fall into one or other of two main 
groups. The nearest computationally possible dimensions to the average 
values of each group are:
(i) a = 2.435 , c = 1.414 ; (ii) a = 2.278 , c = 1.65 microns
Twenty hours of computer (c.p.u.) time are invested in the curves 
of Fig. 9.4. Therefore, rather than repeat this for each different value 
of the slab effective index, it was proposed that only two couplers, with 
the above dimensions, be considered for computing the variation of L with 
diffusion time. The resulting graph, which is shown in Fig, 9.5, may
then be used in conjunction with Fig. 9.4 to estimate the theoretical
transfer length at other diffusion times. Typical results are presented 
in Tables 9.2 and 9.3.
In general, these measured results compare less favourably with the 
theory than do those of Table 9.1. There is a strong tendency for the 
measured transfer length to be smaller than the computed, the average 
error being -13.6% in Table 9.3 and -19% in Table 9.2. The latter is 
increased by the coupler whose error of -56% is probably partially due 
to imperfections in the guides - especially likely when the interaction 
length is as long as 4 mm.
With the deeper diffusion (Table 9.2, slab n^ = 1.5247) the measured
values of L are unambiguous. Likewise, with the couplers and 
(s - 1 mm) of the shallow diffusions (e.g. Table 9,3, slab n^ = 1.5185) 
there is no real choice, and a substantial negative error must be accepted. 
Other slides from the same batch of devices confirm this.
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Table 9.3 Results for directional couplers
Slab n = 1.5185e
(mm)
1-522 1-526 1-528
SLAB a
Fig. 9-5 Computed transfer length [ L ] 
as a function of the slab n  ^
for two sets of coupler dimensions.
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Discussion of Errors
The consistent, negative error shown by the above batch of couplers 
is probably due to the anodised masks being less than perfect. Any 
permeability of the mask to silver ions would raise the refractive index 
of the substrate and thus reduce L.
The fundamental modes of some of these couplers were measured and 
were found to be not inconsistent with the "improved, anodised" charac­
teristic (Fig. 8.3), i.e. the measured n^ is slightly greater than the 
theoretical. It is possible that the sample of Table 9,1, whose average 
error is +4.7%, had a particularly good anodised mask.
The dimensional tolerances quoted in the tables are deliberately 
generous to allow for variations along the coupled length; the tolerance 
on the computed value of L is based on these (a + 0.05 and c + 0.05 gives 
one extreme), It is not possible to give a standard tolerance for the 
measured- transfer length based on the suggested tolerance on the inten­
sity ratio (which is admittedly speculative)• Each alternative value of 
(measured L) has a different tolerance; when m is large (see 9.2.2)
Ks is dominated by mm.
As has already been suggested, a scattering spot or defect on the 
coupler could seriously affect the apparent transfer length, as could a 
disturbance of the input coupling conditions between the intensity read­
ings. However, the x, z and 6^  (the input angle) controls were always 
adjusted for maximum output before any reading was taken.
Fig. 9.6 shows photographs of various coupler output-arms (50 x 
magnification). It is instructive to compare the observed brightness 
differences with the measured intensity ratios.
-62
- 3 6
-0-9
Fig. 9 6 Various directional coupler output arms 
The measured intensity ratio is indicated 
in dB,
(continued overleaf)
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( Fig. 9-6 continued)
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Conclusions
It has been shown that DIF and WAVE (i.e. the mathematical model) 
are capable of accurately predicting the transfer lengths of ion-exchanged 
directional couplers. Such couplers have transfer lengths which increase 
with width, guide separation and diffusion depth. However when the trans­
fer length is small, it is less sensitive to these parameters than when 
large.
9.3 Curved Stripe Waveguides
There is, at present, no entirely satisfactory way of measuring the 
constant-curvature loss of a curved, stripe waveguide. The most obvious 
method is to use a 90° bend (or two, in an 'S' curve) and measure the 
guided intensity before, and after, the curved section using an output 
prism. The main difficulty with this technique is one of accurately 
positioning the prism so as not to include a variable length of (variably 
lossy) straight guide. Also this measurement would include the discrete 
loss which occurs at each change of curvature but is not relevant to a 
circular ring-resonator.
It is possible to estimate attenuation by using a photo-sensitive 
probe to detect the surface-scatter; however this is probably too clumsy 
for use with bends of only about 100 ym radius. A similar idea is to 
photograph the surface scatter from the bend (using a microscope) and 
then measure the image density on the film.
The waveguide-bend pattern was designed with this technique of 
"photo-densitometry" in mind (see Pig. 9.7). The 180° ("hairpin") bends 
were designed to provide the maximum length of continuous curve but, of 
course, prevent the use of an output prism. The overall pattern is very
Fig. 9.7 The curved waveguide shadow-mask
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small, being little more than 2 mm in length, as was essential for accur­
ate cutting of the 2 ym waveguides; the low aspect-ratio allows a very 
large photo-reduction ratio to be used.
Light is guided into the bends via short, straight sections (suffi­
cient to allow width measurement) from tapers. The small size of the 
pattern makes it essential that the light be first coupled into a slab 
region some distance from the taper entrances and focussed on to these.
Seven radii are available: 300, 200, 150, 125, 100, 85 and 70 microns,
which may be excited in turn by vertical translation or simultaneously 
by adjusting the focus of the lens to broaden the input beam.
As it happened, there was insufficient time to investigate the photo­
densitometry technique. However, sufficiently accurate results were 
gained by much simpler means. To introduce this, some approximate 
theory in addition to that contained in Chapter 3, is necessary.
As the radius of a ring-resonator is increased the bend-loss decreases 
(see section 3.4) and the straight-guide loss (per circuit) increases.
It is a fair assumption that the curvature attenuation is approximately 
proportional to that fraction of the guided energy which is beyond the 
critical radius (p^). If the field amplitude varies exponentially, then 
this energy will be proportional to the square of the amplitude at p^. 
Therefore, the curvature ring-loss (T^ dB/circuit) is:
= -| exp(-2Çc)
(9.3.1)
n
where c = p - R - R T—  - 1c I- n j
s
and where Ç is the evanescent decay constant
R is the radius of curvature of the outer guide boundary
n is the substrate refractive index s
K is a constant.
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Thus varies (approximately) exponentially with R whereas the 
straight-guide ring-loss (r^ ) varies linearly with R:
r_ = a dB/circuit 
^ 10  ^ ^
where R is in microns and in dB/cm.
The total ring-loss (r = + r^), therefore, goes through a minimum
value for some radius. It is found that varies with R much more rapidly 
than does therefore at this optimum radius, r is dominated by and 
the precise value of is umimportant.
The Experimental Method
Several slides were prepared, each containing six copies of the bend 
pattern of Pig. 9.7 and one double-sized copy (i.e. 4 ym wide guides with 
a maximum radius of 600 ym). These were diffused for various times (t) 
between 5 and 25 minutes. Due to the use of MF 312 developer some of 
the guides were narrower than 2 ym; these were given the longer diffusion 
times so that as many as possible of the guides would be single-mode .
Assessment of the curvature losses was by visual observation, with 
some aid from photography. The directional coupler photographs (Fig. 9.6) 
confirm that an intensity difference of 2 dB can be detected by the eye. 
Using direct observation this difference is easier to detect if the input 
coupling is adjusted to reduce the guided intensity almost to zero; thus 
small intensity differences become more noticeable.
The aim of the technique is to note a cut-off radius (R^ ) for each 
slide. This is the largest radius for which some diminution of brightness 
around a semi-circular curve is detectable using the eye and a 50 x magni­
fication microscope. R^ is taken to be that radius for which 3 dB is 
lost per semi-circuit, therefore r(R^) = 6 dB. This is a generous 
estimate and r(R^) may well be rather lower than this.
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The method may be explained by reference to the photographs of 
Pig. 9.8 showing light being guided around the curves (from bottom to 
top). It was decided, in this case, that no loss could be detected in 
the three largest curves (300, 200, 150 ym) but that some was detectable 
in the fourth (125 ym). was estimated at 135 ym, using the degree of 
attenuation in the 125 ym curve to interpolate. All six curve sets were 
examined and the most defect-free curve used for each estimate. Bright­
ness changes at the junction of the straight and curved sections were 
ignored. Finally, the slab effective index is measured and used to 
estimate the actual stripe n^ using the measured guide widths and the 
graphs of Fig. 8.3 (the pattern is too small to measure n^ directly).
1/R^ is then plotted against n^.
The relationship between 1/R and (n - n ) should be almost linear
c e s
if the assumptions leading to 9.3.1 are valid. Rearranging 9.3.1 we 
obtain:
c c
In this experiment the guides are sufficiently wide that the small 
variations in width will not much affect Ç.. Also, since Ç describes the 
lateral evanescent field it may be expected to be relatively insensitive 
to depth, except near cut-off where Ç > 0. 1/R^ (above) is insensitive
to such variation in Ç (unlike the transfer length of a directional . 
coupler) because ç, in the above relation, is never exponentised. Thus, 
the graph of 1/R^ against [n^ - n^], where n^ is varied by varying diffu­
sion depth, should be nearly linear with some curvature near cut-off.
SIMULTANEOUS
EXCITATION
300 ym 
radius
200 ym 
radius
Fig. 9.8 Surface scatter from curved waveguides 
guide width as 2ym ; slob n, = 1 5327
(continued overleaf)
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( Fig. 9 8 continued)
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Results
An experimental graph of this type is presented in Fig, 9,9 and 
shows the expected variation. One feature, however, requires explanation. 
The highest point was from an early batch of devices and probably conforms 
to the "improved anodised" characteristic (i.e. good quality masking).
The remaining points are from devices made at the same time as the linear 
attenuation samples (see section 9.1) and may have the same faults 
(i.e. a somewhat permeable diffusion mask resulting in a reduced lateral 
index difference, reduced mode separations, and n^ close to the slab n^). 
Because such imperfect anodised masks tend to produce a stripe n^ which 
lies between the theoretical and the slab values, these values are used 
to mark the extrema of the horizontal error bars. When drawing the line, 
more weight was given to the data from the earlier batch than to these.
Post-Baked Curved Waveguides
The same samples as above were post-baked, the observations being 
repeated after post-bake times of t and 3t (where t is the initial 
diffusion time). In Fig. 9.10, 1/R^ is plotted against n^ (n^ after 
post-baking)for the two sets of post-baked results. For the sake of 
comparison the line from Fig. 9.9 is also included.
As may be expected, post-baking increases the bending-loss by reduc­
ing n^ and also by reducing the evanescent decay constant (Ç). Fig. 9.10 
shows only the latter effect. The shallowest diffusion shows an anomalous 
reduction in the cut-off radius after a 3t post-bake, due to the sub­
stantial increase in n , However, at the pivotal diffusion time t (no
e p
change in n^) R^ increases. This is probably, at least partially, due 
to the lateral diffusion profile becoming more graded and less rectangular,
1 / R c
(m m 'l) ((jm)
MEASURED SlfiB n@ [O ] 
THEORETICAL STRIPE D gC o]
1-531-521-5125
n,
F ig . 9-9 Estimated cut-off radius :
reciprocal [ I/R q] plotted vs. rig.
[curved stripe waveguides ; varying 
diffusion times (t) ]
1/R
NO POST-BAKE 
[ from Fig.9-9]
t  POST-BAKE
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250
3 t  POST-BAKE
MEASURED SLAB Hg [ 0 , 0 ]  
THEORETICAL STRIPE HgEo.X]
1-531-521-5125
n,
Fig.9-10 Reciprocal cut-off radius vs.n@ 
for post-baked,curved waveguides
[ vertical error-bars omitted for clarity ]
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(31 )It is known (Heiblum and Harris show this) that diffused boundaries 
produce evanescent fields which spread further than those of step 
boundaries.
9.4 Ring-Resonator Design
On the basis of the data presented in sections 9.1-9,3 it is possible 
to suggest some design parameters for a practical ring-resonator filter.
(i) Guide Dimensions. As has already been suggested, the guides 
should be as narrow as possible to obtain strong directional coupling, 
and to allow single-mode guidance to be consistent with a large value 
of n^ (required for the sake of low bending-loss). The narrowest prac­
tical width is 2 microns, giving single-mode guidance after 10 minutes 
diffusion (maximum slab n^ = 1.528, stripe n^ = 1.523).
(ii) Post-Baking. By a comparison of Fig, 9.10 with Fig. 9.2, it is
seen that a short post-bake achieves the maximum improvement in linear 
attenuation for minimum increase in bending loss. Thus it is proposed 
that the device be both diffused and post-baked for approximately
10 minutes.
(iii) The Ring Radius. The optimum radius is that for which the
total ring-loss (r = F_ + r )is minimised. If the variation of r with
L C C
R is given by 9,3.1 then:
2ïïa, n
r = R + exp(-2ç[-j^  - l]R) (9.4.1)4
10 ‘ s
The optimum radius, R^, is obtained by differentiating the above with 
respect to R and setting to zero thus:
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. In
-  0
s
ïïâ. (9,4.2)
where K,j = K/ç (see 9.3.1)
and C is assumed to be constant with R (the effect of the curvature is
small for R > R^ - i.e. low loss).
The value of Ç is obtained from a computer-plot of the lateral field
amplitude (using 12 x-direction basis functions) for a 2 ym diffusion-
aperture width. The initial diffusion is followed by a post-bake of 1 t^ 
giving a final stripe n^ of 1.5211 - a little lower than the maximum for 
single-mode guidance. A series of points on the evanescent tail of the 
curve (see Fig. 9.11), each in ratio 1/e with its higher neighbour, are 
separated horizontally by 1/5. Thus Pig. 9,11 gives an average value
- 1
-1
for 5 of 2.56 ym . In order that the design be not over-optimistic
(the curvature tends to reduce Ç - see section 3.4) we take 5 = 2.2 ym
(say).
The constant is fixed by noting that when R = R^, r = 6 dB.
Allowing some margin of safety (to ensure that the guide is single-mode)
we choose n^ = 1.522, and (from Fig. 9.10) R^ = 300 ym. Assuming 
= 3 dB/cm and 5.'5 dB then (from 9.4.1) = 21,931 dB.’
Thus, from 9.4.2 and 9.4.1 we obtain the optimum ring-resonator 
design parameters:
Rg “ 459 ym
r = 0.933 dB (per circuit)
The resulting ring-resonator (with optimum coupling) has a theoretical
acceptance ratio (see section 3.2, equation 3.2.10) of 19.4 dB (y - 0.898)
5and a Q-factor of 1,014 x 10 (equation 3,2.8). The resonant-frequency 
spacing is 68.346 GHz and the half-power bandwidth, 6f, is 4.56 GHz.
• CN
CM
o
Fig. 911 Computed lateral field-amplitude 
distribution, indicating the derivation 
of I  -  the evanescent decay constant.
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(iv) The Input Coupler. Since y = 0.898, an interaction length of 
s = 0.29 L (where L is the transfer length) is required for optimum 
coupling (see 3.2.5). If the input guide follows the curve of the ring 
for a full quarter-circle (the maximum practical amount, if output coupl­
ing is also required) then a transfer length of 2.49 mm is needed.
To judge the practicality of this, a single, post-baked coupler was 
computed, with aperture width(a) of 2.0 urn and aperture separation (c) of 
1.493 ym. The equivalent diffusion time was 9.68 minutes (assuming the 
value of found in Chapter 7) giving an initial slab effective index 
of 1.5284.
The computed transfer length was 3.44 mm after the initial diffusion, 
and 1.47 mm after a post-bake of It. Thus, it should be possible to 
relax the fabrication requirements, making c rather larger.
(v) Output Coupling. It is not proposed that output coupling be 
considered until working ring-resonators have been demonstrated. Output 
coupling will degrade the resonator performance and may be impractical 
until the ring-loss, r (which is dominated by the straight-guide loss,
a ) has been reduced by technological improvements.
In conclusion it must be stated that the design possibilities have 
not been exhausted by this treatment. For example, an increased post­
baking time would reduce the linear attenuation but increase the optimum 
radius. The effect on the overall ring-loss cannot be stated without 
performing the necessary calculations, however it would undoubtedly relax 
the input coupling requirements, both by increasing the coupling coeffi­
cient, and increasing the available interaction length.
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C H A P T E R  10  
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK
It has been shown that silver/sodium ion-exchange in soda-lime glass 
is capable of producing good quality stripe (2-D) optical waveguides.
A short post-diffusion bake is found to reduce the attenuation to less 
than 3 dB/cm for a 2 ym wide waveguide. Low-loss propagation around 
waveguide bends (180°) with radii between 100 and 300 ym has been demon­
strated; the cut-off radius depends upon the diffusion depth.
In order to achieve these results, it is necessary to use an elec­
trically insulating diffusion mask; anodised aluminium was used in this 
work.
In retrospect, it seems as though the fabrication of couplers; tends 
and stripes for attenuation measurements was a little premature since 
the anodisation process was not yet fully under control. Nevertheless, 
however imperfect the results, the information so gained has proved very 
valuable and has allowed parameters for a practical ring-resonator to be 
suggested.
A working resonator has not yet been made. Before this is attempted, 
it is proposed that the anodisation process be more thoroughly investi­
gated to enable waveguides whose propagation characteristics match the 
computed theory to be reliably made. It is proposed that the tartaric 
acid/ammonium tartarate anodisation system, which produces a dense, 
impervious oxide layer, be investigated.
The substantial agreement between the measured and computed transfer 
lengths for directional couplers is encouraging, however the transfer 
length required for a practical ring-resonator is very short and it may 
be difficult to make such a coupler accurately. This limitation only
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applies at short wavelengths such as that used in this work (X = 0,6328 ym) 
Practical optical communication systems will operate in the near infra­
red (X - 1.3 ym). At these wavelengths, most of the dimensions discussed 
in section 9.4 may be approximately doubled, thus greatly relaxing the 
fabrication tolerances.
Clearly, the mathematical model (Chapter 5), though quite successful, 
has several deficiencies, the most important of which is the discrepancy 
between the real and the computed depth diffusion-prbfile. As discussed 
in Chapter 7, this seems to be due to additional non-linearity which is 
not accounted for in the differential equation. It nvay be of benefit to 
try some different forms for the inter-diffusion coefficient, to achieve 
a better match empirically.
A P P E N D I C E S
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APPENDIX 1
The Scalar Wave Equation
The wave equation is derived from Maxwell's curl equations:
curl H = I curl 1  = “Hg ||
It is (reasonably) assumed that y = and = 0.
Taking curl E and eliminating the resulting curl E term we obtain:
22 A E
grad div ^  - V ^  = -y e — r (A1.1)
" 9t
Since div eE - 0 we may say:
div B = -
therefore div E = E.grad (In e)
The vector wave-equation A1.1 may be reduced to three scalar wave- 
equations, one for each component of E, For E :/  Â
[E.grad (In e)] - V E^ = -y^e — —  (A1.2)
Approximation 1
We consider only quasi-T.E. modes in which E^ is the dominant field 
component.
If E »  E then E.grad(In e) becomes:
X y —
The solution will be of form:
E^(x,y,z,t) = E^(x,y)ei(^^
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Thus Al.2 becomes:
 ^^  V A A ^ 2 2 ?
— (in e) + E^—  (in e) - 7 E^ + 6 = k E^ (A1.3)
3x
2 2where k = w y^e and refers only to the amplitude function
\(x,y)
Approximation 2
It is usual to neglect the terms involving In e in order to obtain
a solution. This can be justified by reference to such a solution for
E^, obtained using the computer model of Chapter 5. We consider the 2-D
diffusion profile of Pig. 5.4 (a) and the electric field amplitude plot
of Fig. 5.13 (fundamental mode). Fig. 5.4 (a) may be considered to show
2
refractive index contours [n(x,y)]; e(x,y) is proportional to n (x,yj.
g
Clearly, “  (In e) is nearly zero over most of the guide but may
be significant near the edges. Accordingly, we consider the magnitudes
of all the terras of A1.3 near the guide edge. We take E = 1, x and ymax
in microns and consider the refractive index to vary between 1.51 and 1.6. 
The following values are obtained:
3E^ « 0.2 ; (In e) = 0.1 ; = 0.53
2 3^
k = 6 = 240 ; — r (In e) = 0.15 ; — ~  = 0.56
3x 3x
Replacing each term of A1.3 by its numerical value, we obtain:
3^E
(0.053) + (0.03) - 0.56 ----^  + (- 48) = (~ 48)
9ÿ
3^E
j X varies with y but is probably quite large near the maximum-intensity
depth. Thus, it is seen that, even in the region where the first two 
terms are greatest, they are still of minor importance.
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Conclusion
For Quasi-T.E. modes it is sufficiently accurate to solve the 
scalar wave equation;
7^ E + (k^ - e^)E = 0 
xy X X
or, if k is not constant,
(7^ + k^)E = e^E (A1.4)
xy X X
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APPENDIX 2
Supplement to the Theory of lon-Exohange
A2.1 The Composition of Glass
Ideally, the soda-lime glass should contain nothing but SiO^ (84%), 
Na^O (14%) and Al^O^ (2%); the alumina serving to prevent phase separation. 
The exact composition of "Fisher" glass is not available; but the compo­
sition of "Chance" glass, which is probably similar, is as follows:
SiOg 72.1 %
Na^O 14.0 %
AlgOg 1.7 %
K^O 0.6 %
C^O 7.3 %
«
M O 3.9 %
9
F O g O g  0.1 %
SO^ 0.25%
Traces of iron and arsenic (for example) are harmful for silver/
sodium ion-exchange since these elements cause silver precipitation.
2
Knowing the density of the glass (2.3 g/cm ) and the molecular weight 
of Na^O (= 62), the concentration of sodium ions in the above glass may
be found:
= 6.26 X 10^^ ions/m^
A2.2 The Charge Density Term
The instantaneous charge density, p, is given by Maxwells first 
equation:
p = div (eE)
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In order to estimate the magnitude of p we consider a one-dimensional 
diffusion and assume that e varies slowly, thus:
ftp
P = G ^  . (A2.2.1)
Prom the solution of section 4.4:
^  E  ____
kT -  1 - au 3y (A2.2.2)
c
where u is the normalised silver concentration, —^ .
= 23.76 volts“  ^ at 215°C
and e = s_e
0 r
where = 8,85 x 10 ^^ and e % 2.40 r
Pig. A2.1 shows graphs of U(y) and E (y) (normalised) for a = 0.7. 
These were obtained using the computer solution of Chapter 5. We define 
the diffusion-depth to be that for which u = 0.5. Typically the diffusion 
depth is about 0.5 ym, therefore from Pig. A2.,1, we obtain a surface 
grad u of -8.3 x 10^; thus:
E = 1,94 X 10^ at the surface
4
E = 8.18 X 10 at the surface
Having thus scaled the graph, we may find the maximum value of ~
f  = 1.04 X 10”
max
3
Therefore p^^^ = 2.2 c/m (from A2.2.1)
,160.
The density of vacancies required to cause such a charge density 
is p/e
p /e = 1.4 X 10^^ m  ^max
This is insignificant, compared with C^.
u(y)
E(y)
0 y
Fig. A2-1 Computed silver concentration
[------] and electric field [--------- ]
during ion-exchange.
Both normalised.
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APPENDIX 3
The Finite Difference Solution of the Diffusion Equation
A full discussion of finite difference techniques can be found 
in references (35) to (39).
A3.1 The Three Level Method
Three rectangular arrays are defined; U(x,y), LU(x,y) and 
NU(x,y) which contain concentration values at the three time-levels 
t, t - 6t and t + 6t respectively.
The time derivative, is replaced by its second-order correct
finite difference approximation.
[In this algorithm, all gradients are centred about point U(x,y)].
The spatial derivatives are calculated using the central diff­
erence operators d and d where:X y
d^(F) = [F(x + hSx) - F(x - %6x)]/6x 
For convenience, the function A(x,y) is used to describe the factor
1
1 - aU(x,y) 
r  ^a  ■ 3u-|
L i  -  au 3x- I
Thus, the term _3_ . 9  1 becomes ; 
8x
[d A(x,y) t - S%/2, )]
3x L a \
162.
Using a shorthand notation; e.g. U(x + ^ Gx,y) —» u^"** this becomes;
%  [^T- - ") - 4'- (" - "x')] (A3-1-2)
OX
The term is evaluated as the average of A and A^**".
X X
i.e. A%+ ^ [A^"** + AJV2
f 3 81
It can be shown that a numerical algorithm based on A3.1.2 
will be unconditionally unstable. This can be rectified by replacing 
U(x,y) by the time-average of NU(x,y) and LU(x,y),
i.e. U(x,y) — > [ NU(x,y) + LU(x,y)]/2
A3.1.2 becomes :
^a
<Sx^
r A^^U^* + A^'u^" - -^ [A^ '"' + A^'].[NU + LU] 1
[ _ x x  X X  2 X X J
The y-direction term of 5.1.1, ^  F _ ^ ' 1 , reduces to a3y L 1 —  au 3y J
D.
a I a
similar expression. Substituting these expressions into 5.1,1
(including A3.1.1), setting (Sx = 6y and rearranging to obtain an 
expression which is explicit for NU(x,y), finally yields:
NU(x,y) = [2rZAU + (1 - rZA)LU(x,y)] (A3,1.3)
(1 + rSA)
D 6t 
where r = a
ôxôy
X X
+ A^'
X
A % + u1+ +
y y y y
X
A*=-
X
+
4 ' + y
and
In theory A3.1.3 is stable for all values of r (r is the normal­
ised time-step) . However in practice the solution is found to
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become inaccurate if it is too large.
A3,1.3 is the main algorithm used by the computer program DIF, 
However only one initial time-level is available (the t = o boundary 
condition) so a 2-level algorithm is used as a starting routine to 
generate U and LU,
A3,2 The Two Level Method
Because of the instability of A3,1,2 a different approach must 
be used if only 2 time-levels are available. Expanding the term
[t^  obtain:3x
r _ . ^  s_u 1
Li — au '3x ' „ 2 J1 - au - . __ ...
which is, in terms of finite differences;
D . A [.A
?
X
Expanding the y-derivative similarly and using the first-order correct 
time derivative;
i e 15  > NU(x,y) - U(x,y)
3t 5t
we obtain from 5,1,1;
t ^ 2 )  + zu - w ]  + u(x,y> (a3.2.d
where U = U(x,y)
1-f- ] — I-)* 1 —
zu = u + u  + u + u  
X X y y
1 +  1 -  
A U = U - UX X X
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A3.2.1, like any other explicit 2-level algorithm, is stable 
only if r is sufficiently small. In this case it is possible to 
obtain the correct stability criterion, without entering into the 
complexities of numerical methods theory, by means of a fairly simple 
argument.
Instability of a numerical algorithm is caused by the build-up
of errors over successive iterations. The gain factor which causes
error magnification in A3.2.1, is a function of — —  . This is
1 - au
maximised when U~ 1, so this is the most critical case. Also, to
consider the worst possible case, the gain factor must remain high
so NU =1. In this case A U and A U are negligible and SU = 4U.X y
The worst possible error distribution is also the most likely. 
Finite difference solutions tend to oscillate slightly about the 
true solution, so if U is in error by -e, each of its surrounding 
points is considered to be in error by +e. (If this is so, then the 
AU terms are accurate and are not considered).
For the maximum possible error in NU;
NU - , f4U + 4e - 4U + 4e 1 + (U - e)1 - au L J
4 r /So NU is in error by 2  --- —  e - e (= e say)
1 - au
4r /
If c = 1  , G = -e and the error magnitude remains
1 - au
unaltered.
4r
If ---- —  < 1 , error is attenuated.1 - au
If -— —  > 1 , error is amolified.1 - au
Thus, finally, the stability criterion for this algorithm is;
r < (1 - a)/4. (A3.2.2)
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A3.3 Implementation
The boundary condition code for each point (x,y) is stored 
in a fourth rectangular array NB(x,y). The various codes are explained 
in the main text. This integer number, NB(x,y) is used to dictate 
the precise form of A3.1.3 or A3.2,1 used to compute NU(x,y). In 
two cases (boundary codes 1 and 2) NU(x,y) is simply set to a 
constant.
The Program
After NB has been constructed from input data and the initial 
concentration profile (if any) read in from a data file the diffusion 
proceeds.
The 2-level starting routine, using a small value of r for 
reasons of stability, calculates the first few time levels after 
which, without changing r, the program moves on to the 3-level routine. 
After this, r is doubled every 8 time steps until the limiting value 
r = Tq is reached. At each doubling of r, LU is left at its previous 
level to keep the 3-level computation accurate. This progression, 
shown diagramatically in Fig. A3.1, provides a smo'oth transition 
from a very small r (r = i^ q/64 in practice.) to the large, efficient 
value possible with the 3-level routine. A large r near the time 
origin is undesirable.
Further programming details are best dealt with by means of flow 
charts and require no further explanation.
Flow Chart for DIF Main Program
T = normalised Time
( start) N and NT are counters 
KM monitors value of r
INITIAL profil: ■YES•NO
YES—  NO
•YES
NO
YES
NO
YES NOAND
NT = N-LOOP?
SET U NU
SET U NU
SET LU NU
FILL U 
WITH 
ZEROS
CALCULATE NU 
3“LEVEL ROUTINE
SET LU
NU
READ U 
FROM 
DATA FILE
CALCULATE NU 
2-LEVEL ROUTINE
KM
WRITE NU INTO 
DATA FILE
INPUT DATA 
AND
CONSTRUCT NB
NT + . 0001
SET NT 64
OJ
L_
-J
ÜJ Ç
lij
in X
3S
<N
'Se
O  
I) II
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Q
c
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APPENDIX 4 
The Variational Method 
5.2,1 has the general form of an eigenvalue equation;
L(u) = Xu (A4.1.1)
2
where X (or $ ), the eigenvalue, is constant for all x and y;
u (or E^) is a function of x and y which satisfies the
equation;
2 2
L (or 7^^ + k ) is an operator which is self-adjoint and 
positive-definite.
In order to obtain the functional A4.1.3 (below) A4.1.1 is 
multiplied by u. The condition that A4.1.1 be true for all x,y is 
expressed by integrating over all x,y::
CO CO
So J|'l (u ) .u dxdy = xjju.udxdy (A4.1.2)
_0D -CO
or i - <L(u) ; u>
^   ^ ~ <u ; u> (A4.1.3)
where <f ; g> denotes the inner product of real functions f 
and g
a>
and <f ; g> = f ,g dxdy
In terms of a general function, g(x,y), and a constant, y, A4.1.3 
becomes :
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Let u(x,y) and X be particular examples of g(x,y) and y which 
satisfy the wave equation (A4.1.1). It can be shown that, if g(x,y) 
u(x,y) then (clearly) y = X and:
where a is some parameter of g(x,y) which is varied to modify 
the function. This can be demonstrated by differentiating A4.1.4, 
setting to zero and noting the conditions for which the resultant 
equation is true. We obtain:
<9 ; 9>[<9 ? [L(g)]> + <L(g) ; >] “ 2<L(g) ; g>.<g ; = 0
Since L is self adjoint, and the order of operators L and ~  
can be reversed:
<g ; ^  [L(g)]> = <L(g) , ||>
since, according to A4.1.4
< L(g) ; g> = y(g ; g>
we obtain
<L(g) ; U >  - <fg ; |J> = o (A4.1.5)
One solution of A4.1.5 is:
L(g) = yg
which is a restatement of A4,1.1. Thus when the wave equation is 
satisfied, the value (y) of the functional, A4,1,4, is at an 
extremium (X). If, for example, this is a maximum we note that X 
is the highest possible value of y and that as g(x,y) approaches
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u(x,y) y approaches X. It follows from this that, if g{x,y) does not
pass through u(x,y) as the parameter a is varied, the extremium,
Y = Y , yet gives the closest approach, 
max
The basis of the variational method is to find the extremia of 
the functional A4.1.4. These always give the best approximation to 
the true solution within the capabilities of the trial function g(x,y)
A4.2 The Rayleiqh-Ritz Method
We use a form of trial function [g{x,y)] that is intrinsically
capable of satisfying the wave equation. An infinite series of basis
functions, cp^^(x,y), which form a complete, orthogonal set, with
variable coefficients, a.., may fit almost any differentiable, piece-
1J
wise continuous function within the domain over which the basis 
functions are defined.
The choice of basis function is rather limited. The waveguide 
field functions go to zero at i «>, so sines and cosines (giving a 
Fourier series) cannot be used. The functions must go to zero at 
j; «>, be orthogonal and be continuous at the argument origin; there is 
little choice but to use the parabolic cylinder functions. These 
(when expanded) consist of a Hermite polynomial multiplied by a 
Gaussion, the nth order function being defined as:
D^(x) = (-1)"^* d__ ^ g-x /2 j (A4.2.1)
dx
They are orthogonal:
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i  « e ,
0 : i / k 
J2? iiç : i = k
where Ç is a scaling factor.
To model a 2-D field-function, a series of 2-D basis functions 
is required. The product of x-direction and y-direction parabolic- 
cylinder functions is used.
Normalised and scaled:
y  — y
= (2ïïÇniiji) d^(|-)d^(— -—
This is orthonormal
I.e.
using the Kronecker-ô symbol:
1 ; i = k
«ik
0 ; i k
Finally, the series is:
^(x,y) = 21 Zi (2TrÇnil ji ) — -— -) (A4.2.2)
1=0 j=0
The coefficients a., are varied until ^(x,y) = E (x,y) as defined
X
by stationary values of the variational expression A4,1.3.
i.e. P = j h ^ ' f  + k2(x.y)*).*dxdy (A4.2.3),
II vJj.i|jdxdy
For example, a true minimum is obtained when any small variation of
any a^^ serves only to increase the value of P. Therefore we require 
3F
—  = 0 simultaneously for all i and j.
ij
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(Note that because the product occurs, two distinct sets of 
counters ij and kl are required.) Thus, if pq is some particular 
value Qf ij or kl we require;
 ^ Num. - F. —  Den. = 0 (A4.2.3)9a 9a
pq pq
simultaneously for all pq (Num. and Den. are the numerator and 
denominator of functional A4.2.3),
In both numerator and denominator, the product of sums is 
re-written as a sum of products and the order of summation and inte­
gration is reversed yielding:
mn mn
Num. = £  £  Wijki.aij.akl 
)j=0 kUO
(A4.2.4)
mn
Den. = 2 . L  °ijkl*^ij*^kl 
ijsO kt=0
where
N^j^^ is rather complicated (see section A4.3) but is symmetrical,
i.e. N = Npqrs rspq
Expanding A4.2.4 (assuming symmetry)
«pqpq^q + f  N .
0 0 0
9 mn
Thus:    (Num.) = 2 T* N. . a. .
iM "399 1]
3 IK
Similarly:    (Den.) = 2 > D. . a..
3*pq ijTo 1399
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A4.2.3 becomes:
Z  ° fixed)
ij=0
A similar equation is set up for each kl. When this system of equat-
2
ions is complete F may be replaced by 3 .
In matrix form [N - 3 I]a = 0 (A4.3.5)
where N is a square, symmetric matrix (mn x mn) whose elements
2
are having eigenvalues 3 and eigen-vectors a (a is a column
matrix).
A4.3 The Form of N,ijkl
The numerator of A4.2.3 is reduced to the form:
Thus N. , is the sum of three parts:i]kl
y - y rY-  y
2TTÇ.ns/i i j ikili’
2mÇnVÎTjTkil; _ o °y
dxdy (iii) 
(A4.3.1)
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Because of the n(x,y) factor, the first part cannot be further 
modified but is calculated by numerical integration.
The second and third parts may be separated into x and y integrals, 
Part (ii), for example, becomes:
‘ “ — QD —* CD
Using the definition of ^nd some fairly subtle integration
(by parts) this can be reduced to:
«il- ^2 [% JkTkiTTTa. + lj(k+1)(k + 2)«j^  J
(A4.3.3)
Part (iii) is, of course, exactly similar.
A4.4 Practical Details
The region in which the wave equation is to be solved, illustrated 
in Fig. A4.1, is assumed to be symmetrical about the y-axis.
The second and third parts of N . _ are calculated from A4.3.3 
but the first part (see A4.3.1) is more complicated. The integral 
is performed in four stages:
1) The lower half plane (n = n^ )
2) The entire upper half plane (n = n^ )
3) The integral over the rectangular area (-x^  < x < x^; 0 < y 
< y.j ) for n = n^ is subtracted
y t
(pm)
n=n. (substrate)
n=n(x,y)
[reflects about y-axisj
n=na ( superstrate )
X (pm)
F ia . A4 1 Co-ordinate and refractive index 
assumptions pertaining to WAVE.
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4) The integral over the above rectangular area for n = n(x,y) 
is added.
The 2-D integral required when n - n(x,y) is performed using 
Simpson*s.rule in two dimensions. When the refractive index is constant, 
the integrals may be broken down into integrals of form:
%,-Zn
n J 
-Zo
(which is calculated by Simpson's rule)
and : ~  D . (— ] D f— ) du (A4.4.1)n J ]Xn/ lAn'
0
which, being dependent only upon j and 1 is stored in an array.
The Semi-infinite Integral
If j = 1 then integral A4.4.1 is simply half of the infinite 
integral (since the product of equal functions is symmetric and 
always positive).
If i r 1 integration by parts yields the following formula:
iji " É  [ • Cg(i-k-i) . Cj^ (j) . k! ]
Where C (1 - k - 1) is the constant term of the (1 - k -,1)th 
u —
order, Hermite-type polynomial:
Dl_ k_
Similarly, C^(j) is the k ^  order coefficient of a j Ui order 
polynomial.
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It is far simpler to derive the array of values according to 
the following empirical rule which has been checked, from the above, 
for up to Dgg.
Working by diagonals:
1) If j and 1 are both even or both odd the diagonal is zero.
An exception is the leading diagonal as given above (j - 1)•
2) The first column (j = 0) is given by a “factorial" of 
negative, odd numbers alternating with zeros:
0, -1 , 0, 3, 0, -15, 0, 105, 0, -945, . . .
3) On each non-zero diagonal (except j = 1), each element is given 
by the previous element (j - 1, 1 - 1) multiplied by an integer factor. 
This factor is not constant but varies according to the sequence:
1, 3 + m, 3, 5 + m, 5, 7 + m, 7, 9 + m, 9 .>. .
where m = | l - j | - 1  is constant for each diagonal.
In the program, this rule is used to generate the array of 
integral values automatically.
Evaluation of the Parabolic-Cylinder Function 
The coefficients of the Hermite-type polynomial;
2
D (%!e* = 2-"/2h r ^ ln J
are calculated by the formula:
(m+ 2) 1
= - ^ m + 2- m)
where n is the order of the polynomial and is always 1 (even
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order) or -1 (odd order). is zero (the function is always
either symmetric or antisymmetric).
An array of these coefficients is generated automatically.
The Program
The parameters n, C and y^ are selected by maximising -
i.e. by finding the parameters of the best-fitting 2-D gaussian 
function. A separate program is used for this. N.A.G. (Numerical 
Algorithms Group) routines are used for this maximisation and also to 
derive the eigenvalues and eigenvectors from the matrix N.
The programming is straightforward, consisting of four nested 
loops to work through the counters i, j, k, 1 computing.N^j^^ as 
described. Only half of the symmetric matrix N is computed and the 
assumed lateral symmetry allows exclusively even or odd order 
x-direction basis functions to be used, giving exclusively even or odd 
order lateral modes.
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APPENDIX 5
An Alternative Technique for the Fabrication of 
Anodised Diffusion Masks
The technique to be described was designed to permit the anodisation 
of isolated areas of a waveguide pattern. It is based on the lift-off 
techniques described in section 6.1.
o
After cleaning the slide, a thin film (~ 200 A) of aluminium is 
deposited over the entire surface. The subsequent steps follow the usual 
pattern of photo-resist deposition, exposure, development and a second,
O
thicker (~1000 A) aluminisation. At this stage, the only difference between 
this and the usual situation, immediately before lift-off, is the presence 
of the initial, thin metal layer which electrically connects all areas of 
the pattern.
The anodisation is carried out immediately prior to lift-off. The 
thin, connecting film is protected by the resist ridges and, after lift­
off, the result is an anodised mask whose diffusion apertures are partially 
filled with metallic aluminium. This is removed by etching. If the etch 
is cold (< 20°C) it attacks the Al^O^ very much more slowly than the 
aluminium and it is found that good masks can result. This was not 
always the case, however, and the technique (like standard anodisation) 
requires further investigation.
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